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Abstract

Realizing robust and stable two-way links between the mobile users and the satellite
is an extremely challenging RF/Microwave engineering problem. Low cost and low pro�le
phased array is considered as the best solution for this problem. High performance low
cost and miniaturized variable phase shifter is a key enabling technology for such complex
smart phased array antenna system.

This thesis aims at the investigation of the existing solutions to realize miniaturized,
low-cost and at the same time integrable phase shifters for commercial phased array an-
tenna systems. Among few existing approaches, analog phase shifting devices based on
voltage-tunable materials o�ers a promising solution.

Liquid Crystal (LC) and Barium Strontium Titanate (BST) are the two voltage tun-
able materials, which, beside their own primary applications, have found their way into
Microwave and mm-Wave tunable device technologies. In this study the utilization of LC
and BST in analog phase shifters has been rigorously investigated, the advantages and
drawbacks of each when applied in di�erent realizations have been discussed and further
development and improvements in designs have been suggested. To achieve more com-
pact designs for Ka-band phase shifters, a comprehensive design methodology for tunable
�lter-type phase shifter is proposed in this dissertation.

The most commonly used phase shifting architectures for the phased array antennas
are RF, LO, IF and base-band phase shifting. It should be mentioned that LO, IF and
base-band phase shifting are not suitable for phased arrays with large number of elements
due to the formidable cost and complexity, particularly for Tx phased array systems which
require one phase shifter per antenna element to meet the radiation mask. Therefore,
this thesis is concentrated on RF (Microwave/mm-Wave) phase shifting, which is the most
common for large phased array antenna systems.

Since one of the most important requirement in the design of Ka-Band phase shifters
for phased array systems is the high level of miniaturization, dictated by antenna element
spacing constraint, the thesis also addresses the highly compact structure of such phase
shifters. In particular, a novel phase shifting concept based on very high dielectric con-
stant materials has been explored. It is shown that by using this new concept, a highly
miniaturized variable phase shifter with more than 360◦ phase tuning range is attainable.

iii



Acknowledgments

First, I would like to thank God for all of his blessings.

I would like to express my sincere gratitude to my supervisor, Professor Safavi-Naeini
for his continuous support, kindness, patience and profound knowledge. His constructive
guidance helped me a lot during the research and writing of this thesis.

I wish to express my deepest and warmest gratitude to my family, my parents and
sister, who have encouraged me in all the stages of my life. Their existence has been the
sole motivation and incentive to rise and continue after each failure.

I am really thankful to my seminar committee members, Professor H. Majedi and
Professor R. Mansour.

Last but not least, my greatest appreciation goes to all of my friends particularly Mr.
Semnani and Mr. RayisZadeh. I learned a lot from them in this period.

iv



Dedication

To my parents

v



Table of Contents

List of Tables viii

List of Figures ix

1 Introduction 1

1.1 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Liquid Crystal (LC) Phase Shifters 8

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Basic Physics of Liquid Crystals for RF Applications . . . . . . . . . . . . 9

2.3 Literature Review of LC based phase shifters . . . . . . . . . . . . . . . . . 12

2.3.1 IMSL Liquid Crystal Phase Shifters . . . . . . . . . . . . . . . . . . 12

2.3.2 Periodically Loaded Transmission Line . . . . . . . . . . . . . . . . 15

2.4 Liquid Crystal band-pass �lter-type phase shifters . . . . . . . . . . . . . . 17

2.4.1 Dual mode ring resonator side-coupled �lter . . . . . . . . . . . . . 17

2.4.2 Analytical formulation and design methodology of band-pass �lter-
type LC based phase shifters . . . . . . . . . . . . . . . . . . . . . . 20

2.4.3 Analysis of the e�ect of di�erent parameters on the maximum phase
shift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

vi



3 BST Phase Shifters 35

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Basic Physics of BST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3 Literature Review of BST based phase shifters . . . . . . . . . . . . . . . . 40

3.3.1 Periodically Loaded Transmission Line phase shifters . . . . . . . . 40

3.3.2 Tunable left-handed (LH) Transmission Line . . . . . . . . . . . . . 48

3.4 Filter-type BST based phase shifters . . . . . . . . . . . . . . . . . . . . . 50

4 High Dielectric Material Phase Shifters 54

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.2 Short literature review of HDC phase shifters . . . . . . . . . . . . . . . . 54

4.3 Proposed HDC phase shifters . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.3.1 Air, High Dielectric, Air-Gap, Metal phase shifter . . . . . . . . . . 56

4.3.2 High Dielectric loaded CPW line phase shifter . . . . . . . . . . . . 60

5 Concluding Remarks 68

5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.2 Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

APPENDICES 70

A The e�ect of �lter-type phase shifters on phased array performance 71

A.1 Distortion due to the phase-frequency non-linearity of �lter-type phase shifters 75

References 77

vii



List of Tables

2.1 Commercially available liquid crystals and/or optimized LC mixture at 30
GHz and 25 C◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Measured and Simulated characteristics of realized phase shifter at 34.32 GHz 18

2.3 Dimension of the parameters shown in Figure 2.12 . . . . . . . . . . . . . . 21

3.1 Design Parameters of the phase shifter shown in Figure 3.10 . . . . . . . . 47

4.1 The parameters for the phase shifter shown in Figure 4.7 . . . . . . . . . . 61

4.2 Summary of Measurments at 30 GHz . . . . . . . . . . . . . . . . . . . . . 67

A.1 Maximum gain variation over the frequency for Chebyshev, Elliptical, and
All-Pass phase shifters for various beam scanning angles . . . . . . . . . . 76

viii



List of Figures

1.1 An array of antenna elements . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Simpli�ed block-diagram for a phased array antenna . . . . . . . . . . . . . 4

2.1 Mesophase behavior of LC molecules with temperature . . . . . . . . . . . 9

2.2 An inverted microstrip line a)εr⊥ b) εr‖ . . . . . . . . . . . . . . . . . . . 10

2.3 Typical continuous tuning of εr and tan δ versus bias voltage . . . . . . . . 11

2.4 Performance diagram for various LC mixtures . . . . . . . . . . . . . . . . 13

2.5 Phase shift versus DC voltage at 20GHz . . . . . . . . . . . . . . . . . . . 13

2.6 Cross section of CPW line segment (left) and loaded capacitor (right) . . . 15

2.7 Top view of the structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.8 Extracted di�erential phase shift . . . . . . . . . . . . . . . . . . . . . . . 16

2.9 Dual Mode ring resonator side-coupled via open-circuited quarter wave-
length lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.10 Layout of the designed ring resonator phase shifter . . . . . . . . . . . . . 18

2.11 Simulated S-parameters of the designed ring resonator phase shifter shown
in Figure 2.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.12 Schematic of the tunable structure in which liquid crystal is utilized . . . . 20

2.13 Filter pass-bands for the lowest, middle, and highest center frequencies . . 23

2.14 Block diagram of the iterative method for achieving 360◦ phase shift . . . . 24

2.15 S parameters of the sample Chebyshev 2GHz 5 poles �lter with 10dB return
loss and f0 = 29.75 GHz (a) magnitude (b) phase response . . . . . . . . . 25

ix



2.16 (a) magnitude of S21, (b) magnitude of S11, and (c) phase response S21 for
the shifted �lter at shifted center frequencies f0,f

high
0 shifted , f

low
0 shifted . . . . 27

2.17 Phase response of �lters in shifted center frequencies f0,f
high
0 shifted , f

low
0 shifted. 28

2.18 Maximum phase shift vs. the order of the Chebyshev �lter . . . . . . . . . 29

2.19 Maximum phase shift per wavelength vs. the order of the Chebyshev �lter 30

2.20 Maximum Phase-Shift for di�erent order of Chebyshev �lters (N) vs. band-
width when no restriction exists on tunability . . . . . . . . . . . . . . . . 30

2.21 Maximum Phase-Shift for di�erent order of Chebyshev �lters vs. bandwidth
by applying the restriction on the maximum tunability . . . . . . . . . . . 31

2.22 Maximum Phase-Shift for di�erent order of Chebyshev �lters vs. Qu . . . . 32

2.23 Maximum phase shift vs. Qu for di�erent values of bandwidth . . . . . . . 33

2.24 Maximum phase shift vs return loss for di�erent order of �lter . . . . . . . 34

3.1 Unit cell of barium titanate in its para-electric phase (left) ferroelectric phase
(right) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2 Hysteresis loop for BST thin �lm . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 The structure of ferroelectric microstrip phase shifter . . . . . . . . . . . . 38

3.4 Capacitor Voltage characteristics measured at 22GHz . . . . . . . . . . . . 40

3.5 Equivalent circuit of a loaded transmission line unit cell . . . . . . . . . . . 41

3.6 a) The maximum phase shift vs loading factor b) frequency variation of
∆Φmax when x = 1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.7 Layout of the fabricated phase shifter . . . . . . . . . . . . . . . . . . . . . 44

3.8 Layout of periodically loaded transmission line phase shifter consisting of 8
unit cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.9 The magnitude of S21 as a function of frequency . . . . . . . . . . . . . . . 46

3.10 Simulated phases shifter in HFSS with dimensions . . . . . . . . . . . . . . 47

3.11 a) Phase of the structure (degree) vs dielectric constant of BST material b)
S parameters of the simulated structure in the frequency range of 29− 30.5
GHz for εr,BST = 300 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.12 The equivalent circuit for Left-handed transmission line, basic (unbalanced)
and balanced designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

x



3.13 Phase response of the designed 2nd order all-pass �lter . . . . . . . . . . . 52

4.1 Side view of the waveguide used as a phase shifter, loaded with an air-
dielectric sandwich structure . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2 a) E�ective dielectric constant and b) the relative phase shift versus air gap
for the air-dielectric sandwich structure for BLT εr = 85 . . . . . . . . . . 55

4.3 Proposed air, dielectric, air-gap, metal phase shifter . . . . . . . . . . . . . 56

4.4 Norm of electric �eld for the simulated phase shifter structure in COMSOL
software with 5µm air-gap . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.5 Modal analysis and simulation result of the propagation constant variation
versus the air-gap size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.6 Phase shift versus the air-gap size for the proposed phase shifter shown in
Figure 4.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.7 The proposed high dielectric loaded CPW line phase shifter . . . . . . . . 61

4.8 Integration path in the complex α plane . . . . . . . . . . . . . . . . . . . 64

4.9 The mapping which has been performed for region II . . . . . . . . . . . . 65

4.10 Propagation Constant versus h3 calculated using the two methods at 30 GHz 66

4.11 Maximum phase shift versus the dielectric constant at 30GHz, for the phase
shifter shown in Figure 4.7 . . . . . . . . . . . . . . . . . . . . . . . . . . 67

A.1 a) Quantized current coe�cients of antenna elements, b) gain radiation pat-
tern of Tx planar array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

A.2 Gain radiation patterns of the Tx phased array for beam position 30◦ . . . 72

A.3 The phase shifts of the three types of phase shifters versus frequency, a)
Chebyshev, b) Elliptical c) All-Pass �lter . . . . . . . . . . . . . . . . . . . 73

A.4 Gain radiation pattern at f = 29.5, 29.75, and 30GHz for a) Chebyshev b)
Elliptical C) All-Pass phase shifter when the scanning angle is 30◦ . . . . . 74

A.5 Beam positioning error at f= 29.5, 29.75, and 30 GHz for the case of Elliptical
phase shifter when the scanning angle is 30◦ . . . . . . . . . . . . . . . . . 75

A.6 Maximum Gain versus frequency for beam scanning angles of 10◦, 20◦, and
30◦ when using a) Chebyshev, b) Elliptical, and c) All-Pass phase shifters . 76

xi



Chapter 1

Introduction

1.1 Objectives

An antenna array is de�ned as an ensemble of identical antenna elements with the same
orientation in space excited by a well-designed feed circuit (amplitude and phase) con-
taining active and/or passive elements [1]. Figure 1.1 shows a schematic for an array of
antenna elements.

The excitation coe�cient for each antenna element is Im = |Im|ejφm .

According to antenna theory, the far-�eld radiated electric �eld for each of the antenna
elements located at the origin, is represented as:

Em,at origin(θ, φ) = jkηIin~le(θ, φ)
e−jkr

4πr
, m = 1, 2, . . . , N (1.1)

where ~le(θ, φ) is the vector e�ective length of the antenna element. When the antenna
element #m is moved by the vector ~rm to the new position (where |~rm| << |~r| ) the
far-�eld radiated electric �eld, using paraxial approximation is derived as:

Em(θ, φ) = jkηIin~le(θ, φ)
e−jkr

4πr
ejk~rm.r̂ = Ee,at origin(θ, φ)ejk~rm.r̂, m = 1, 2, . . . , N (1.2)

where r̂ = sin θ cosφ x̂+ sin θ sinφ ŷ + cos θ ẑ in �Cartesian coordinate system�.

Using equation (1.2), the total far-�eld radiated electric �eld for an array of elements
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Figure 1.1: An array of antenna elements

is calculated as:

E(~r) =
N∑
m=1

Em = Ee(~r) |Iin=1︸ ︷︷ ︸
Element Factor

N∑
m=1

Ime
jk~rm.r̂

︸ ︷︷ ︸
Array Factor

(1.3)

As it is observed in equation (1.3), the total far-�eld radiated electric �led of an array is
decomposed to an element factor ~Ee(~r) |Iin=1 multiplied by an array factor (

∑
Ime

jk~rm.r̂);
in other words, the array factor plays the role of a spatial �lter for the element factor.

For a planar antenna array consisting of N elements located in x − y plane, equation
(1.3) is written as:

E(~r) = Ee(~r) |Iin=1

N∑
m=1

|Im|ejk(xi sin θ cosφ+yi sin θ sinφ)+jφi (1.4)

where ~ri = xix̂+ yiŷ are the element positions on x− y plane.

2



For creating the maximum radiated electric �eld at an arbitrary θ0, φ0 direction in
space, the phase of each antenna element should be adjusted in such a way that

k(xi sin θ0 cosφ0 + yi sin θ0 sinφ0) + φi = 2nπ n = 0,±1,±2, . . . (1.5)

Antenna arrays which have the capability of tuning the phase of the elements (φi) so
that the radiation pattern is reinforced in a particular direction and suppressed in undesired
directions [2] are called �Phased Array Antennas�. It should be mentioned that |Im|s will
determine the radiation pattern, side-lobes and the maximum gain of the array when all of
the elements have the same input phase.

Rapid tuning of the input phase of antenna elements results in a fast electronic main
beam scanning compared to the old mechanical scanning, which usually takes much more
time. Phased array antennas by having a planar low pro�le and low weight structure
have a high priority with respect to the traditional parabolic dish antennas for satellite
communications. These unique characteristics have brought about many applications for
phased array antennas.

Radar systems were initially the �rst application that phased array antennas found
their way in. Traditionally, phased array antennas were used for military applications.
[3]. Beyond that, phased array antennas have been used for radio astronomy applications.
Another important application of phased array can be in automobile industry for auto-
motive collision avoidance or adaptive cruise control systems [4, 5, 6]. The importance of
this application is clear when considering that every minute someone loses his/her life due
to a car accident [7]. Utilizing the phased array technology in emerging 60GHz wireless
technology [8] will result in an increased data rate and improvement of channel capacity
with more e�cient power consumption [9, 10, 11, 12]. Phased array are highly used to
extend the coverage in a particular area by enhancing the desired signal and diminishing
the unwanted interferences. Satellite TV is an example for this kind of application. In
addition, emerging biomedical applications such as cancer detection in early stages can
also bene�t from the phased array technology [13, 14, 15].

Despite the wide range of applications for phased array antenna systems, this technology
has not been prevalent in the commercial arena yet. The total cost of phased array antenna
is currently the main obstacle for exploiting them in large-scale commercial applications.
The main cost of phased array antenna systems is attributed to the cost of their phase
shifters, this cost sometimes reach to half of the total cost of the phased array system. Some
e�orts have been made to minimize the total cost of phased array system by reducing the
number of phase shifters, or categorizing the antenna elements into a number of sub-arrays,
each using a single phase shifter [16]. However, these approaches lead to unwanted side
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lobes, or grating lobes, which limit the system performance[17]. The other impediments
that restricted the phased array technology in military and aerospace �elds is their size,
weight, power consumption and overall complexity. By addressing these issues and reducing
the cost, it is expected to observe the ubiquitous employment of phased arrays in the
commercial industry [2].

Figure 1.2: Simpli�ed block-diagram for a phased array antenna

After this short introduction, it should be mentioned that in this thesis our main focus
is on two-way commercial Ka-band phased array antennas for satellite communications,
which can be installed on the roof of a car, bus or train without the need to make any
fundamental change in the structure of the vehicle. This kind of phased array antenna, to
be utilized in satellite communications, should be directive enough, requiring about 5000
elements in the transmitter or receiver sides.

One of the important challenges involved in two-way Ka-band phased array systems is
to meet the radiation mask requirements (no grating lobes) forced by the satellite com-
munication standards in the transmitting mode of land-mobile terminals. The antenna
element spacing in the transmitter phased array system should be a fraction of wavelength
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to avoid the grating lobes; that is the reason why the phase shifters applied in the transmit-
ting phased array should be as miniaturized as possible. In the receiving mode there is no
need to meet the radiation mask and grating lobes are tolerated in the reception radiation
pattern; therefore, there is not usually a strict limitation on antenna element spacing in
the receiving mode.

1.2 Motivations

Phase shifters are the key components for phased array antennas, specially for millimeter
applications. As stated in the previous section, our goal in this thesis is to investigate
the challenges involved in the design of phase shifters for a two-way commercial Ka-band
phased array antenna system. The challenges are di�erent in the reception or transmission
array. As an example in the receiving array, there is not usually a severe constraint on
the size of phase shifters, since there is a wider antenna element spacing or maybe a single
phase shifter can be used for a sub-array of antenna elements. In this thesis, our main
focus is on the transmitter side of the Ka-band phased array system which operates in the
frequency range of 29.5− 30 GHz (BW=500 MHz). The other constraints that should be
taken into account in our analysis are:

• Insertion loss and its variation

• Input matching impedance

• Phase shifting resolution

• Switching response time

• Bandwidth (BW)

• Cost

• Packaging and Integration

• Maximum possible phase shift

• Linearity and Phase error

5



Generally, there are two types of phase shifters, namely Digital and Analog phase
shifters. Due to the quantization errors of Digital phase shifters, it may not be possible
to obtain su�cient phased array beam pointing resolution. Hence, for extra-�ne beam
steering, analog phase shifters are preferred because, in principle, they can provide in�nite
resolution.

Among the above-mentioned constraints our focus will be on an analog, low cost, minia-
turized phase shifter to be integrable with a Ka-band phased array structure. It is desirable
to have a phase shifter with small insertion loss (good input matching); however, more im-
portant than that, is preserving a constant insertion loss (and input impedance) over the
phase shifting range; otherwise variable gain ampli�ers (VGAs) are required to maintain
the signal amplitude level. The required phase shifter should possess an acceptable re-
sponse time for satellite communications and be as linear as possible. The phase error in
its entire bandwidth should be negligible as well.

In general, ferrites are widely used in lower frequency phase shifting [18, 19, 20, 21].
However, their usage in higher frequencies are limited due to being bulky (not planar)
and their cost and complexity. Ferrite phase shifters are also slow to respond and cannot
be used for applications where rapid beam scanning is required. Semiconductor devices
are the other choice which are much faster; however, they have high losses and limited
power-handling capability. The other option for phase shifting in this range of frequency is
Micro-Electro-Mechanical Systems(MEMS). RF MEMS phase shifters are often based on
MEMS switches and classi�ed in the category of digital phases shifters; moreover they are
usually complex, expensive for commercial applications and their integration (packaging)
with phased array structure is di�cult and problematic [22], so this class of phase shifters
will not be investigated in this thesis as well.

Liquid Crystals (LC) and ferroelectric materials, particularly Barium Strontium Ti-
tanates BaxSr1−xTiO3 (BSTs), are voltage tunable materials that their dielectric constants
are varying by the change in the applied voltage. This class of tunable material based phase
shifters are also an e�ective solution in the realization of phase shifters in Ka frequency
band.

Due to our limitation in the size of phase shifter for Ka-band phased array antenna,
high dielectric materials with small loss (high quality factor) in Microwave and mm-Wave
frequency such as BLT ceramics are another feasible solution[23].
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1.3 Thesis Overview

Following this section, Chapter 2 will be begun by an introduction to the physics of liquid
crystal (LC) materials. Through the literature review, liquid crystal based phase shifters
proposed by others will be presented. The band-pass �lter-type phase shifters based on
liquid crystal materials and their design strategy will be discussed afterwords. Analyzing
the e�ect of bandwidth, quality factor, the order of the �lter and tunability of liquid crystal
material on the maximum phase shift will conclude this chapter.

Chapter 3 will be started by an introduction to di�erent kinds of ferroelectric materials
and their characteristics. A short summary of BST based phase shifters in the literature
illustrates the pros and cons of ferroelectric materials, particularly BST, with respect to
liquid crystals. A phase shifter structure based on BST parameters will be presented
and corresponding simulation results will be demonstrated in this chapter as well. The
modelling of All-pass �lter type phase shifters using BST and their ability to achieve more
than 360◦ phase shift is the �nal topic of this chapter.

High dielectric materials and their characteristics will be introduced in Chapter 4.
Utilizing high dielectric materials, two phase shifting schemes will be presented. Analytic
formulation followed by the simulation and measurement results will justify and con�rm
the validity of the proposed structures (designs).

The summary of the thesis, conclusion and future research will be also discussed in
Chapter 5. An investigation of the nonlinear e�ect of phase frequency response in �lter-
type phase shifters on the performance of the phased array antenna system is explained in
Appendix A.
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Chapter 2

Liquid Crystal (LC) Phase Shifters

2.1 Introduction

In this chapter, a study of Liquid Crystal (LC) phase shifters and their applications in
Ka frequency band will be carried out. First, basic physics of Liquid Crystal materials
and their properties and characteristics which make them one of the solutions in realizing
Ka-band phase shifters are reviewed. After, a survey on di�erent ideas for the realization
of liquid crystal phase shifters will be done. Finally, the general basis and the pros and
cons of each idea will be explored and the realization of 360◦ LC �lter-type phase shifters
will be discussed in more detail using an iterative design method and HFSS simulations.

The shortage in available frequency spectrum for wireless communications and the
requirement for more functionality in smaller volumes has increased the demand for re-
con�gurable components. LC based devices are considered one of the main categories of
these recon�gurable components. High and continuous tunability, low/moderate dielectric
loss, high linearity and cost e�ciency are advantages of LCs which make it a promising
tunable material for microwave and mm-Wave applications [24]. However, they often su�er
from limited thermal (temperature) stability [25]. LCs will be the key elements for future
recon�gurable RF devices; especially optimized LC mixtures which o�er high performance
at microwave frequencies with low loss tangent. The use of LC-�lled waveguides to realize
variable and electrical command-control phase shifters has highlighted the potentiality of
these materials for tunable applications.
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2.2 Basic Physics of Liquid Crystals for RF Applications

Liquid Crystals are classi�ed as three main types: Thermotropics, Polymerics and Lyotrop-
ics. Thermotropics LCs exhibit a mesophase behavior between the solid crystalline and
isotropic liquid phase [26], as depicted in Figure 2.1. Based on the degree of orientational

Crystal Phase Isotropic

Temperature

Mesophase

n

Figure 2.1: Mesophase behavior of LC molecules with temperature

or positional order, the mesophases can be classifeid as [27]:

• Nematic

• Cholesteric

• Smectic (A,B or C order)

The typical LC molecule in nematic phase has a rod-like shape as shown in Figure 2.1.
The length of the molecules are typically few nanometers. In a Nematic LC there is a
long range orientational order of anisotropic molecules. This anisotropy in shape causes
anisotropy in terms of the dielectric constant. Measurements of the frequency dependence
of this anisotropy usually show two relaxation frequencies below 400 MHz, which can be
assigned to rotations along the long and short axis of the molecules. Above 400 MHz no
relaxation appears in the investigated frequency range, implying the usability in microwave
frequency. These anisotropic LC molecules can be oriented by means of an electrostatic or
magneto-static �eld.

Inverted Micro-Strip Line (IMSL) con�guration is commonly used in LC based struc-
tures for tuning. In order to understand the concept of LC's tunability, a cross section of
an LC IMSL is shown in Figure 2.2.
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LC

Substrate

Substrate

LC

Substrate

Substrate

Vbias<Vth

Vbias>Vmax

a)

b)

Figure 2.2: An inverted microstrip line a)εr⊥ b) εr‖

In this structure the microstrip line and ground electrodes are located on the top and
bottom substrates, respectively. LC �lls the space between the two substrates which forms
the dielectric of IMSL. Since the material is liquid, the molecules feature only a weak
molecular adhesion and thus their orientation in the bulk can be changed. Owing to the
rod-like shape, the molecules in a bulk tend to orient themselves in parallel order. In LCs
the direction of the long axis of the molecules is de�ned by the vector ~n. The surface of
LCs are coated by a thin polyamide �lm which is an a alignment layer that orients the
LC molecules in parallel to the surface initially. In this case, the relative permittivity and
loss tangent are denoted by εr⊥ and tan δ⊥. Molecules will keep their orientation until the
applied bias voltage is smaller than the threshold voltage Vth (Figure 2.2a). If the applied
voltage exceeds Vmax, all molecules are aligned parallel to this bias electric �eld (Figure
2.2b) and εr‖ and tan δ‖ are e�ective.

By adjusting the strength of the bias �eld, all states in between are feasible and therefore
continuous tuning of the e�ective permittivity of the substrate is possible (Analog phase
shifter). Most of the LCs have the positive anisotropy, i.e. ∆εr = εr‖ − εr⊥ > 0 and so the
relationship tan δ⊥ > tan δ‖ is also true. Figure 2.3 shows continuous tuning of dielectric
permittivity and loss tangent versus bias voltage for a typical LC layer.

The relative tunability τ is de�ned as the ratio of the tuning range of the permittivity
to the maximum permittivity:

τ =
εr‖ − εr⊥

εr‖
(2.1)
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VmaxVth

tan δ┴

tanδ

εr,||

tan δ||
εr,┴

Vbias

εr

Figure 2.3: Typical continuous tuning of εr and tan δ versus bias voltage [28].

The permeability is approximately non-varying (µr ≈ 1) [29]. Due to the anchoring
of molecules at the surfaces (polymide �lm), when the voltage is released again, the LC
molecules orient back to their initial states. The switching times for this mechanism are
de�ned as follows [30]:

• switch-on time (τon), de�ned by the delay time from 10% to 90% for a rising tuning
voltage.

τon ∝
γ∗h2

Keff

· 1

( U0

Uth
)2

(2.2)

• switch-o� time (τoff ),de�ned by the delay time from 90% to 10% when the voltage
drops to zero.

τoff ∝
γ∗h2

Keff

· 1

π2
(2.3)

Where γ∗ is the e�ective rotational viscosity, Keff is the e�ective elastic constant, h is the
height of the LC layer, and U0 and Uth are the tuning voltage and the threshold voltage,
respectively. As observed in equations (2.2), (2.3) both switching times have a quadratic
dependency on the height of the LC layer(h).

It is important to de�ne the �gure of merits for phase shifters. The �gure of merits for
phase shifters is de�ned as the maximum phase shift per 1dB insertion loss of phase shifter
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in its operation frequency band.

FoM = ηPS =
Max(∆φ)

Insertion Loss(dB)
(2.4)

Some of the commercially available LCs and/or optimized LC mixture for microwave
and mm-Wave application is listed in Table 2.1.

Table 2.1: Commercially available liquid crystals and/or optimized LC mixture at 30 GHz
and 25 C◦

Material εr⊥ εr‖ tan δ⊥ tan δ‖

K15 2.55 2.84 0.03 0.01
E7 2.52 2.96 0.026 0.0094
BL006 2.62 3.04 0.025 0.011
BMW10 mixture 2.49 3.18 0.017 0.004

The method which is usually used to measure the parameter for LC materials is cavity
perturbation theory [31]. Recently, various generations of LC mixtures have been character-
ized with high anisotropy and low loss tangent. The progress of these new mixtures against
conventional mixtures, both in terms of tunability (increased) and tan δ (decreased), is
clearly seen in Figure 2.4.

2.3 Literature Review of LC based phase shifters

Tunable phase shifters may be built with high di�erential phase shift and low insertion loss
[33]; however, the major problem of these structures is that they su�er from slow tuning
time [33]. This problem can be overcome by using new material technologies [34]. Some
of the structures used in the literature using LC for phase shifting will be discussed in the
following section:

2.3.1 IMSL Liquid Crystal Phase Shifters

Figure 2.2 shows the IMSL structure �lled with liquid crystal. In these structures, by
changing the permittivity of LC (from εr‖ to εr⊥) in a �nite length the propagation constant
changes accordingly and a phase di�erence is created. Such structures are not usually able
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Figure 2.4: Performance diagram for various LC mixtures [32]

to create large phase shifts in a compact size. The di�erential phase shift behavior vs DC
bias voltage for an inverted microstrip line phase shifter is presented in Figure 2.5 [35]. As
it can be observed, there is threshold voltage (2V) for rising the di�erential phase shift and
most of the variations occur between 2− 6V.
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Figure 2.5: Phase shift versus DC voltage at 20GHz [35]
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In IMSLs the di�erential phase shift can be written as [36]:

∆φ =
2π · f · `

c0
·∆neff (2.5)

∆neff =
√
εr‖ −

√
εr⊥

Therefore

∆neff =
∆φ · c0

2π · f · `
(2.6)

One can also estimate the maximum available FoM of a simple IMSL as follows:

α = Im{γ} = Im{ ω
c0
·
√
εr
√

1− j · tan δ} (2.7)

=
ω

c0
·
√
εr
√

1 + tan2 δ. sin(
tan δ

2
) (2.8)

For tan δ � 1, the attenuation becomes

α = Im{γ} =
ω

c0
.
√
εr

tan δ

2
(2.9)

Therefore, by using equations (2.4),(2.5) and (2.9), the FoM is given by

FoM =
∆φ

|S21|
=

∆φ

|20 · loge−α`|
(2.10)

=
∆φ

8.686.α`
=

2π
√
εr‖ −

√
εr⊥

8.686 · π√εr‖ tan δ
[rad/dB] (2.11)

In [36], two IMSL LC phase shifters at 20GHz have been reported; one �lled with K15
with the length of 48mm (70◦ di�erential phase shift) and the other one �lled with a novel
mixture with higher tunability and the length of 50mm (more than 3 wavelength) with
almost 250◦ phase shift. Generally, the achieved FoM value of phase shifters is smaller
than what is calculated based on equation (2.11). The FoM-value for phase shifters in [36]
is 75% and 65% respectively. This reduction is mainly due to partial pre-orientation of LC
molecules by polymide �lm and/or the copper loss.
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2.3.2 Periodically Loaded Transmission Line

LC phase shifters based on periodically loaded transmission line have been presented in
[37] for operating at 20 GHz which have two sections, non-tunable and tunable; corre-
sponding respectively to the periodic structure by a CPW line and an LC �lled parallel
plate capacitor. The structure consists of elements which are made up of transmission line
with a certain length l/2 = 0.561mm and characteristic impedance of Z0 = 50Ω, a tunable
load capacitor Cx and another l/2 line segment (Figure 2.6).

LC VolumeGlue

Top Substrate

Bottom Substrate SpacerCPW Ground

Floating Electrode

Figure 2.6: Cross section of CPW line segment (left) and loaded capacitor (right) [37]

The two substrates are made of fused silica (εr = 3.8, tan δ = 10−4, thickness= 300µm.).
The cross section of the CPW line segment and load capacitor is depicted in Figure 2.6.
The bias voltage to orient the LC molecules is applied to the top �oating electrode. The
top view of the structure is shown in Figure 2.7. The total length of the phase shifter is
12.7mm. The switching speed for this phase shifter is τon = 100ms, τoff = 340ms and
the applied bias voltage varies from 0 − 40V . Since the LC layer is negligibly thin, the
propagation constant of the structure is mostly determined by fused silica substrates.

12.7mm

Top Substrate OutlineBottom Substrate Outline

Figure 2.7: Top view of the structure [37]
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The di�erential phase shift for this typical periodically loaded transmission line phase
shifter is shown in Figure 2.8. The �gure of merit ηPS = 60◦/dB has been reached in this
kind of phase shifter.
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Figure 2.8: Extracted di�erential phase shift [37]

The periodic loaded phase shifter in [37] o�ers above 90◦ phase shift at 20 GHz. How-
ever, the estimated total length of the transmission line for creating 360◦ will be approx-
imated as 50mm (more than three time of the wavelength at this frequency); therefore,
this kind of LC based structures for phase shifting is not appropriate for our phased array,
where the spacing between elements should be a fraction of wavelength.

Of the main advantage of LCs to other tunable materials is their low-loss behavior
in microwave and mm-wave range of frequency. The insertion loss of the LC based phase
shifters are not necessarily limited by the material loss of LC. Their insertion loss variations
(the main problems in BST type phase shifters) is usually small and negligible. One of
the disadvantages of LCs compared to the other tunable materials such as ferroelectric is
the low dielectric constant and the small tunability. In most cases, LCs are used in RF
structures along with other materials as the main substrate; thus, the tunability of the
e�ective dielectric constant εr,eff of the structure will become even smaller. This means
that in order to achieve 360◦ phase shift (using the structure presented in parts 2.3.1, 2.3.2)
the length of the phase shifter should increase to multiple wavelengths. This increase in
the length of the phase shifter results in the inability to �t the phase shifter in a fraction
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of wavelength spacing between phased array antenna elements.

2.4 Liquid Crystal band-pass �lter-type phase shifters

In section 2.3 it was deduced that the due to the small tunability of LC materials, the LC
transmission line phase shifters are not capable of creating 360◦ in a small size package.
Moreover, the phase shifting will happen not only in the frequency range that the phase
shifter has been designed but also in the higher and lower frequency range.

In order to achieve �rst, a much higher phase shift in a more compact size and second,
selectivity in the the frequency range, tunable (LC based) band-pass �lter con�gurations
will be presented as phase shifters in this section. If this kind of phase shifter is designed
properly, the maximum phase shift will happen at the center frequency of the initially
designed �lter. The utilization of band-pass �lters as phase shifters has been reported in
[38, 39, 40, 41].

λ/4

λ/4

Zr

Zoe 1

Zoo 1

Zoe 2

Zoo 2

Zr

Figure 2.9: Dual Mode ring resonator side-coupled via open-circuited quarter wavelength
lines [42]

2.4.1 Dual mode ring resonator side-coupled �lter

An example of this kind of phase shifters has been designed based on a quarter-wavelength
side-coupled dual-mode ring resonator using LC optimized mixture [43]. The design strat-
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egy for this �lter has been demonstrated in [42] (Figure 2.9).

In this �lter con�guration, owing to the odd and even impedance Zoe and Zoo of the
parallel coupled microstrip, the dual mode operation of the ring resonator is excited. Thus,
using one resonator, a compact phase shifter (in an area of 2× 2mm2) capable of creating
approximately 120◦ at 35GHz is realized [43]. The phase shifter has been designed for
f0 = 35 GHz, Zr = 82Ω, Zoe = 132Ω, Zoo = 61Ω and input and output of 50Ω. Table 2.2
shows the detailed results of simulation and measurement for this phase shifter [43].

Table 2.2: Measured and Simulated characteristics of realized phase shifter at 34.32 GHz

results FoMav ILav ILmax ∆Φ ∆IL

measured 30.6◦/dB 3.82dB 4.03dB 117.12◦ 0.433dB
simulated 43.8◦/dB 2.97dB 3.35dB 130◦ 0.67dB

The compactness of this phase shifter is desirable since we need to utilize it in a large
phased array with the constraint of minimum spacing between the the feed lines; however,
in order to get 360◦ one needs to connect three of them in series which make the whole
structure larger and not suitable for utilization in the phased array under consideration.

W=6.2 mil

W2=3.48 mil

W1=3.74 mil

L1=1.44 mil

L2=1.46 mil

RO 4003

LC (3 mil)

5 mil

2 mil

g=1 mil

Figure 2.10: Layout of the designed ring resonator phase shifter
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The other point that should be noted regarding this phase shifter is that the maximum
phase shift in a moderate insertion loss is only reported for the single frequency, 34.32 GHz.
Other frequencies in a small bandwidth around 34.32 GHz will not fall in the pass-band
of the tuned �lter and huge insertion loss in those frequencies will be observed. For most
practical applications, especially satellite communications, the phase shifting process needs
to be done in a range of frequencies as in our phased array (system bandwidth = 29.5− 30
GHz) instead of a single center (or carrier) frequency.

In order to investigate the maximum phase shift of the ring resonator �lter type phase
shifter for our system bandwidth, simulations using Ansoft HFSS have been performed.
The LC parameters for dielectric constant and tan δ were extracted from [43]. The tuning
range of LC (from 2.55 to 3) has been selected so that the system bandwidth (29.5−30 GHz)
is always contained in all shifted pass-bands of the tuned �lter. Layout of the designed
phase shifter along with the dimensions and substrates which have been utilized for each
layer of the strip line con�guration are shown in Figure 2.10.
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Figure 2.11: Simulated S-parameters of the designed ring resonator phase shifter shown in
Figure 2.10

The maximum di�erential phase shift achieved using the con�guration simulated and
optimized depicted in Figure 2.10 is 90.4◦. It is observed that in this case the maximum
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tunability the of LC (εr = 2.4 − 3.2) has not been utilized for the sake of providing the
di�erential phase shift in the whole system bandwidth and not the single carrier frequency.
That is why the maximum di�erential phase shift has been decreased to 90.4◦.

The optimized scattering parameters for the structure shown in Figure 2.10 with the
constraint of S11 < −10 dB are shown in Figure 2.11.

2.4.2 Analytical formulation and design methodology of band-pass
�lter-type LC based phase shifters

The phase shifting process basically depends on the particular design strategy used and the
characteristics of the tuning mechanism applied in the Filter-Type phase shifters. In this
section, a new and comprehensive methodology is proposed to determine the characteristics
the �lter needed to possess in order to achieve 360◦ di�erential phase shift assuming that
the tuning mechanism is completely known. The methodology is general and can be applied
to a wide range of �lter-type response pro�les and tuning devices, leading to an optimal
design in terms of bandwidth and phase-frequency response linearity. The �rst step in the
design of a �lter-type phase shifter is modeling the tunable structure in which LC has been
utilized. Here the same structure as used in Figure 2.10 has been applied . The schematic
of the tunable structure analyzed in this section is presented in Figure 2.12.

RO4003(Ɛr=
3.55)

RO4003(Ɛr=
3.55)

LC (Ɛr=
2.4-3.2)

Input(50 ῼ)

Output

ht
h1h2

w

Figure 2.12: Schematic of the tunable structure in which liquid crystal is utilized
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The dimensions of the parameters can be observed in Table 2.3.

Table 2.3: Dimension of the parameters shown in Figure 2.12

Dimensions h1 h2 ht w
Value 5 mil 3 mil 10 mil 6.2 mil

By using HFSS simulations and Quasi-TEM approximation for the dominant mode of
the con�guration shown in Figure 2.12, the e�ective dielectric constants for maximum and
minimum tunability of the LC are calculated as

√
εr,eff⊥ = 1.76 and √εr,eff‖ = 1.855. The

average e�ective dielectric constant for which the �lter design will be done is de�ned as:
εr,eff av =

√
εr,eff⊥εr,eff‖ = 3.2648. The other variables will be de�ned as follows:

x1,min =

√
εr,eff av

εr,eff‖
= 0.974

x2,max =

√
εr,eff av

εr,eff⊥
= 1.0267 (2.12)

x1,min and x2,max are representations of the maximum possible variations in the center
frequency of the designed �lter (29.75 GHz for our case) by using the applied LC. Based
on the de�nitions for εr,eff av it is clearly observed that x1,min = 1

x2,max
.

x1,min =
f0,min
f0

x2,max =
f0,max
f0

(2.13)

where f0,min and f0,max are the center frequency of the tuned �lter when εrLC
= εr‖ = 3.2

and εrLC
= εr⊥ = 2.4 respectively. The center frequencies of the tuned �lters for the case

εrLC
is between 2.4 and 3.2 will be located between f0,min and f0,max.

The second order ring resonator �lter presented in Figure 2.10 was able to provides
90.4◦ di�erential phase shift. By increasing the order of the �lter, more poles are added to
the frequency response transfer function of the �lter and the maximum di�erential phase
shift is increased. Therefore the other important parameter for increasing the maximum
phase shift will be the �order of the �lter �.

Di�erent band-pass �lters exhibit di�erent frequency response (S parameters) behavior
inside or out of their pass-band. Therefore in addition to order of the �lter (number of

21



poles), the �type of the �lter � (Maximally Flat, Chebyshev or Elliptical) plays a role in
determining the maximum phase shift.

The e�ect of the loss in the �lter due to the original structure or the loss occurring
when the LC is tuned by the voltage should be brought into the consideration by de�ning
the unloaded quality factor (Qu) for the �lter:

Qu = ω0
WT

Ploss
,

1

Qu

=
1

Qc︸︷︷︸
Copper

+
1

Qd︸︷︷︸
Dielectric

Qd = ω0
2We

Pd
=
ε′eff
ε′′eff

(2.14)

For a ` = λ/2 resonator strip line structure Qu is calculated as:

Qu =
π

2α`
=

β

2α
, α = αc + αd (2.15)

Although there are no accurate closed-form expression for αc, αd, they can be numerically
calculated for each structure [44].

The other important criterion which determines the maximum allowable shift in the
center frequency of the �lter, and subsequently the maximum allowable phase shift of the
�lter-type phase shifter, is the ��lter band-width� or the pass-band of the �lter. The max-
imum center frequency shift should be adjusted in such a way that the system bandwidth
(29.5 − 30 GHz) is contained in all shifted pass-bands; otherwise, the return loss will not
be adequate for di�erent phase shifting values. Therefore, it is essential that the mini-
mum bandwidth of the �lter should be greater than the system band-width (500 MHz in
our case). Figure 2.13 illustrates the �lter pass-bands for the lowest, middle, and highest
center frequencies. Two band-edge frequencies of �lters are calculated using the low-pass
band-pass transformation [45]:

f0
BW

(
f

f0
− f0
f

) = ±1→ f 2 ∓B.W. f − f02 = 0 (2.16)

f filterhigh and f filterlow are functions of the bandwidth of the �lter (f filterhigh − f
filter
low = BW ).

The f filterhigh is obtained using the (+) sign equation and f filterlow using the (−) sign equation
in equation (2.16). The maximum frequency shifts of the �lter occur when the band-edge
frequencies of two shifted pass-bands (f filterlow and f filterhigh ) approach the side frequencies of
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Figure 2.13: Filter pass-bands for the lowest, middle, and highest center frequencies

phased array system (f systemlow = 29.5 GHz and f systemhigh = 30 GHz). Accordingly, the center
frequencies of the shifted pass-bands, namely fhigh0 shifted and f

low
0 shifted, are obtained as follows:

x2 =
fhigh0 shifted

f0
=
f systemlow

f filterlow

x1 =
f low0 shifted

f0
=
f systemhigh

f filterhigh

(2.17)

where f0 is 29.75 GHz in our case. If x2 < x2,max and x1 > x1,min then the maximum
phase shift of the designed �lter is realizable by the LC. If x2 > x2,max and x1 < x1,min,
x1 and x2 should be restricted to x1,min, x2,max which is the maximum tunability of the
LC based structure. In summary, the maximum phase shift of a tunable band-pass �lter
is a function of the order, band-width, insertion loss (Qu), return loss and the type of the
�lter. An iterative method can be used to determine the minimum order and the required
bandwidth for di�erent types of band-pass �lter-type phase shifters knowing the Qu for
the structure and the desirable return loss. The block diagram of the iterative method for
acquiring 360◦ phase shift is shown in Figure 2.14.

The phase response of the �lter would be the phase of S21. Depending on the type,
return loss and the order of the �lter, the coupling matrix M will be de�ned distinctively

23



[46]. The scattering parameters for an N th order �lter will be de�ned as [44]:

S21 = −2i
√
R1 RN [λI− iR+M]−1N,1

S11 = 1 + 2iR1[λI− iR+M]−11,1 (2.18)

where λ = s− jδ = f0
BW

( f
f0
− f0

f
)− j f0

BW Qu
.

orderbofbthebfilter=1

Findbflow andbfhigh

ofbthebfilter

Calculatingbx1 andbx2
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Figure 2.14: Block diagram of the iterative method for achieving 360◦ phase shift
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Figure 2.15: S parameters of the sample Chebyshev 2GHz 5 poles �lter with 10dB return
loss and f0 = 29.75 GHz (a) magnitude (b) phase response
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By using the iterative algorithm described in Figure 2.14, in the case of the Ka-band
system under consideration, the minimum required order and bandwidth for a Chebyshev
band-pass �lter with −10 dB return loss, satisfying all mentioned criteria, is found to be
5 and 2GHz, respectively. Using equation (2.16), the band-edge frequencies of the �lter
are obtained as f filterlow = 28.767 GHz and f filterhigh = 30.767 GHz. Figure 2.15 illustrates the
S-parameters of this �lter with a return loss of 10dB [45].

The propagation constant, β , and the characteristic impedance, Z0, change with di-
electric constant as well. Hence, the change in material constants not only shifts the center
frequency of the �lter, but also a�ects β and Z0. The latter, however, may not be desirable.
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To achieve a more realistic model, β and Z0 variations due to the pass-band shifting
have been taken into consideration. Variations of the other parameters such as bandwidth
and Qu have also been accounted for in this model. It is noted that, in a �lter made of
transmission line segments, when the dielectric constant changes, β changes accordingly
and the center frequency as well as the pass-band edges vary by the same ratio.
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The total range of phase shift due to the center frequency shift of the band-pass �lter
is then calculated. Using equation (2.17) for the �lter response shown in Figure 2.15, the
optimal range of center frequencies is calculated as fhigh0 shifted = 30.508 GHz and f low0 shifted =
29.008 GHz. For these two shifted pass-band center frequencies, the S-parameters are
plotted in Figure 2.16. As can be observed in Figure 2.16(a), the shifted �lter responses
provide a smooth pass-band for entire system bandwidth (29.5− 30GHz).
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Figure 2.16: (a) magnitude of S21, (b) magnitude of S11, and (c) phase response S21 for
the shifted �lter at shifted center frequencies f0,f
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Note that the smooth pass-band is attributed to the fact that the ripple of the �lter is
largely reduced by the �nite Qu of the �lter resonators at Ka-band frequencies. Having such
a smooth pass-band is one of the other advantages of Filter-Type phase shifters compared
to other types. Also, note that the phase shifting process is performed in the linear part
of phase response, which has been shown in Figure 2.15(b). Hence, the wide-band �lters
with wider linear phase region are preferred.
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Although the di�erence between phase-frequency plots corresponding to various phase
shift states is reasonably constant near the center frequency, certain variations are ob-
served as band-edges are approached. The e�ect of these variations on the phased array
performance is discussed in Appendix A.

The same procedure done in this section can be applied to any other type of band-
pass �lter including Elliptical or Maximally Flat �lters with required amplitude/phase
characteristics.
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2.4.3 Analysis of the e�ect of di�erent parameters on the maxi-
mum phase shift

The e�ect of di�erent parameters such as band-width, return loss, Qu, order and type of
the �lter will be investigated in this section. Figure 2.18 shows the e�ect of the order of
Chebyshev �lter on the maximum phase shift when the bandwidth is �xed at 2 GHz and
Qu = 200. It should be mentioned that for the zero-order �lter the maximum phase shift
per wavelength of a transmission line structure as depicted in Figure 2.12, which has been
derived to be 20◦ by simulation, has been inserted.
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Figure 2.18: Maximum phase shift vs. the order of the Chebyshev �lter with BW = 2GHz,
Qu = 200 and return loss (R.L.)= −10dB

Figure 2.19 shows the maximum phase shift per wavelength for di�erent orders of
Chebyshev �lter with di�erent values of bandwidth and Qu = 200. According to 2.19,
increasing the �lter order while the order of the �lter is still low will have higher impact
on the maximum phase shift per wavelength with respect to the condition that the order
of the �lter is large.
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Figure 2.19: Maximum phase shift per wavelength vs. the order of the Chebyshev �lter
for Qu = 200 and return loss (R.L.)= −10dB

This principle means that increasing the order of �lter from 2 to 3 will have greater
bene�t in terms of the phase shift per space (or length) than increasing the order of �lter
from 5 to 6.

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

100

200

300

400

500

Ph
as

e 
Sh

ift

BW [GHz]

 

 

N=2
N=3
N=4
N=5

Figure 2.20: Maximum Phase-Shift for di�erent order of Chebyshev �lters vs. bandwidth
when no restriction exist on tunability (Qu = 200 R.L.= −10dB)
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Supposing that there is no restriction on the tunability of our LC medium, Figure 2.20
exhibits the e�ect of increasing the bandwidth on the maximum phase for di�erent order
of Chebysheve �lters. If the restrictions on the tunability of LCs is applied by inserting
the value of x1, x2 based on equation (2.12) into the equation (2.17), the maximum phase
shift vs. the bandwidth of Chebyshev �lter can be demonstrated as Figure 2.21.

It is observed from Figure 2.21 that the restriction on the maximum tunability of LC
limits the maximum phase shift that a high bandwidth �lter can possess. In other words,
limited tunability for high bandwidth �lters results in not using the whole bandwidth of the
�lter e�ciently. Therefore, the optimal point for designing the bandwidth of the structure
is actually determined by the tunable media (2.075 GHz in this case). When there is
no restrictions on the tunability of the structure, it is better to design the �lter as high
bandwidth as possible.

The e�ect of loss (Qu) of the LC on the maximum phase shift can also be investigated.
Figure 2.22 shows the e�ect of the loss (Qu) on the maximum phase shift for di�erent order
of Chebyshev �lters when BW = 2 GHz.
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Figure 2.22: Maximum Phase-Shift for di�erent order of Chebyshev �lters vs. Qu (BW= 2
GHz R.L.= −10dB)

As it can be seen in Figure 2.22 when Qu is higher than 120, we have almost constant
phase shift. For the structure presented in Figure 2.12 the Qu varies between 86.4 to 99.7
for εr,eff⊥ and εr,eff‖ , and due to the loss originating from other materials, such as copper
loss, dielectric loss of RO4003. It is worth mentioning that based on values of tan δ for
LC, its Qu will be greater than 150. Therefore, although the LC is not the main source of
lowering Qu, the variation in the overall Qu of the structure under consideration needs to
be investigated for determining the accurate value for the maximum phase shift. According
to Figure 2.22 for smaller values of Qu, the variation of the phase shift is increasing by the
order of the �lter.

In the same manner, Figure 2.23 shows the e�ect of the loss (Qu) on the maximum
phase shift of the 5th order Chebyshev �lter for di�erent values of bandwidth.
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According to Figure 2.23, the e�ect of loss on the maximum phase shift for higher
bandwidth �lters will be more intensive.

In all of the previous �gures it was assumed that the return loss of �lters has been set
to −10dB. Figure 2.24 shows the e�ect of changing the return loss on the maximum phase
of di�erent order of Chebyshev �lters.

The poles of the N th order Chebyshev �lter are:

Pn(k) = −a sin(
(2k − 1)π

2n
) + j b cos(

(2k − 1)π

2n
)

a = sinh(
1

n
sinh−1(

1

ε
)), a = cosh(

1

n
cosh−1(

1

ε
)) (2.19)

ε2 =
1

1− 10(RL
10

)
− 1, RL = returnloss
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Figure 2.24: maximum phase shift vs return loss for di�erent order of �lter (BW=2 GHz
Qu = 200)

According to Figure 2.24, there is trade-o� between return loss and the maximum phase
shift of a �lter. The reason is that return loss is a function of ε of the �lter. The smaller ε,
the smaller the return loss will be; as ε becomes smaller the poles are going to be farther
from the imaginary axis (ω axis) and the tan−1(x) function is going to be expanded and
the phase shift in our desired frequency will decrease.

The same analysis can be performed on other types of �lters (Maximally �at or Ellip-
tical) leading to more or less similar results.
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Chapter 3

BST Phase Shifters

3.1 Introduction

In this chapter, an investigation on BST phase shifters will be done. Furthermore, the
characteristics of BST materials, the two main phases (ferroelectric, para-electric) along
with the applications of thin and/or thick �lm BSTs will be discussed. A literature re-
view on di�erent proposed structures for BST phase shifter will be presented afterward;
pros and cons of each structure will be detailed. Our proposed structure and simulation
results including the maximum phase shift, using BST parameters will be demonstrated.
The realization of BST phase shifters in the form of all-pass networks and the analytical
formulation and design strategy will be the �nal topic of this chapter.

For many steerable antenna systems, it is highly preferable to replace the mechanical
part of the motion with electronic scanning for a faster tracking of mobile communication
users. A typical phased array antenna may require thousands of element to ensure enough
gain for reception and transmission of data. A typical Transmission-Reception module
consists of [47]

• Phase shifters (PS)

• Power Ampli�ers (PA)

• Low Noise Ampli�ers (LNA)

Tunable phase shifters are considered the most important component and directly decide
the cost and performance of a Phased-Array Antenna system [48]. In the case of arrays
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with a large number of elements, the cost, drive power consumption and the size of phase
shifters are critical issues. Depending on the device requirement, there are di�erent possible
solutions for Tunable Phase-Shifters like PIN, varactor and Schottky diodes, Micro-Electro-
Mechanical Systems (MEMS) [49], ferrites, liquid crystals (discussed in Chapter 2) or
tunable dielectrics. Barium-Strontium-Titanates (BSTs) are good candidates for voltage-
controlled devices at microwave frequency and millimeter wave applications [50] since they
o�er the possibility of lowering the total cost of phased arrays.

The utilization of BSTs for microwave application had been limited in the past due
to the high losses of these materials tan(δ) ≥ 0.3 and the high electric �eld necessary
for biasing voltage in order to provide the substantial dielectric constant change. New
fabrication techniques and the possibility of depositing thin layer BST on substrates paved
the way to commercialize the BST type tunable devices for microwave and millimeter wave
applications. New fabrication methods such as sol-gel techniques [51, 52, 53], combined
with use of thin ceramics greatly reduces the insertion loss and the bias voltage with almost
no power consumption [54]. The major advantage of ferroelectric based phase shifters
compared to other types such as ferromagnetic phase shifters are the faster phase-shift
capability, the smaller and lighter structure and higher power handling.

3.2 Basic Physics of BST

Tunable Dielectric refers to a material whose permittivity can be changed through the
application of an external DC voltage. Tunable dielectric, when used in the place of an
ordinary dielectric capacitor, adds �exibility and functionality to communication electron-
ics. At the present, the known tunable dielectrics can be categorized into materials with
or without ferroelectric instabilities [55]. The �rst category will be discussed here and
includes Barium-Strontium-Titanates (BST). It includes both materials which undergo a
ferroelectric transition (barium titanate) and those whose ferroelectric transition is sup-
pressed by quantum �uctuations (strontium titanate). The second category of tunable
dielectrics (non-ferroelectric) is comprised of materials whose tunability results form the
rearrangement of o�-center ion (like bismuth zinc niobate [56, 57, 58, 59]).

Bulk barium titanate is ferroelectric with a Tc of 393 K. Above Tc, in the para-electric
phase, the structure is cubic, as illustrated in Figure 3.1(left). Below Tc, the positive
ions (cations) in the unit cell shift, resulting in a net dipole moment, as shown in Figure
3.1(right). BST BaxSr1−xTiO3 is a solid solution of BaTiO3 and SrT iO3 with (x : 1− x)
ratio. At room temperature, bulk strontium titanate is para-electric. The nominal thin �lm
BSTs are Ba0.5Sr0.5TiO3 and Ba0.3Sr0.7TiO3 which are para-electric at room temperature
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with ferroelectric transitions just below room temperature. This close proximity to the
ferroelectric transition results in a high tunability.

Ti4+ Ba2+ O2-

Figure 3.1: Unit cell of barium titanate in its para-electric phase (left) ferroelectric phase
(right)

Generally, when Ba/Sr ratio is less than 7/3 the BST material is in the para-electric
phase at room temperature(above the Curie Temperature Tc 1), like x = 0.5, however,
Ba0.6Sr0.4TiO3 thin �lms present the ferroelectric hysteresis loop in the capacitance vs.
voltage (C − V ) curve. This small hysteresis e�ect can be observed in Figure 3.2. Some of
the thick �lms of Ba0.6Sr0.4TiO3 operate in para-electric phase at room temperature and
are free of hysteresis, in both phases BST is used fpr phase shifting applications.

1 The temperature where a material's permanent electric moment changes to induced electric moments
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Figure 3.2: Hysteresis loop for BST thin �lm [47]

It has been investigated in [60] that by addingMgTiO3 orMgO to BaTiO3 and SrT iO3

one can achieve a lower loss material at higher frequencies.

When the applied electric �eld is perpendicular to the direction of propagation, the
dielectric constant of the material can be modulated under the e�ect of the dielectric bias
as shown Figure 3.3.

L

Control Voltage

FerroElectric
Material

Figure 3.3: The structure of ferroelectric microstrip phase shifter [54]
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In phase shifter circuits the ferroelectric material (BST) either forms the entire mi-
crowave substrate [54] on which the conductor is deposited or a fraction of the sub-
strate with thin BST �lms sandwiched between the main substrate and the conductors
([61, 62, 63, 63]).

In general, the principle of BST circuits is based on the idea that by passing a part or
all of the wave through the ferroelectric layer the phase velocity of wave propagating on
these structures can be altered by changing the permittivity of the ferroelectric layer. In
other words, the propagation constant β will depend on the bias �eld since β = 2π

√
εr/λ0

and εr = εr(Vbias). The total wave delay will become a function of the bias �eld, and will
produce a phase shift of ∆ϕ = ∆β`, where ` is the length of the line (Figure 3.3). BSTs
have much faster switching time (usually in order of nanoseconds (ns)) compared to LCs,
where the switching time is around tens of milliseconds (ms).

The basic de�nitions related to the phase shift and/or tunability of ferroelectric mate-
rials (BST) are the same as what de�ned in chapter 2 for relative tunability, τ , and �gure
of merit, FoM 2. The additional de�nitions used here are as following:

1. α: is de�ned as the ratio of the zero-bias capacitance and the minimum capacitance.

2. Loading factor x: is de�ned as the ratio per unit length between unbiased IDC
(inter-digital capacitance), generally the measured capacitor in the structure or the
distributed capacitor in transmission line.

2Di�erent de�nitions has been proposed for �gure of merit but the most conventional one is what

de�ned in chapter 2
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Figure 3.4: Capacitor Voltage characteristics measured at 22GHz [64]

Based on the above de�nitions τ is written as τ = α−1
α
. An example for the variation of

the tunable capacitance measured at 22GHz is shown in Figure 3.4.

3.3 Literature Review of BST based phase shifters

Di�erent implementation of phase shifters using BST exist in the literature for Ka-band
frequency applications such as re�ection type phase shifters, traveling wave structures and
�lter type phase shifters. The traveling wave structures are widely used such as CPW line
phase shifters [65], which can be utilized as Periodically Loaded Transmission (delay) Line.
The other traveling wave structure which can be used is the Tunable Left Handed (LH)
transmission line. The tunable components are created by Inter digital Capacitors(IDCs)
or metal-insulator-metal (MIM).

3.3.1 Periodically Loaded Transmission Line phase shifters

By using a coplanar waveguide structure it is possible to provide the loaded capacitance
between the signal and ground more easily. Therefore, many periodically loaded transmis-
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sion line phoase shifters are based on the CPW structures. Applications of these types of
structures as phase shifters have been reported in [47, 66, 67, 68, 64].

Introduction to Periodically Loaded Transmission Line phase shifters

In this class of phase shifters, tunable loaded capacitance is added in addition to the
capacitance (F/m) of the line. The equivalent circuit model of the unit cell with a series
inductance and shunt capacitance along with the loaded capacitance is shown in Figure
3.5.

L0 dl

C0 dl Cloaded dl

Figure 3.5: Equivalent circuit of a loaded transmission line unit cell with L0 and C0 as the
inductance and capacitance per meter and Cloaded as the loaded tunable capacitor [68]

In the ideal case without any loading the characteristic impedance and phase velocity
will be

Z0 =

√
L0

Co
Vp =

1√
L0C0

(3.1)

After adding the loading capacitance the characteristic impedance and phase velocity
will become

Z0 =

√
L0

C0 + Cloaded
Vp =

1√
L0(C0 + Cloaded)

(3.2)

So the change in the variable capacitance (Cloaded) leads to changing the phase velocity
and consequently the propagation constant. Furthermore, the characteristic impedance
of the transmission line also varies, which may be an undesired e�ect. Therefore, it is
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necessary that the intrinsic characteristic impedance of transmission line be larger than
the characteristic impedance of the tuned transmission line in order to achive an impedance
match. To get a compact full range phase shifter, a high contribution of the phase shifting
is expected from each unit cell of the periodically loaded line. Thus, the number of the
unit cells can be reduced leading to a reduction in the toal length. On the other hand,
high phase shift is obtained if the tunable capacitance is large compared to the non-tunable
capacitance C0. This is for the sake of reducing the line characteristic impedance; so in
order to compensate the mismatch imposed, one should increase the inductance of the
transmission line. In the case of a CPW line, this can be done by either changing the
signal line or the ground one.

The other aspect which should be noticed regarding the design of these loaded trans-
mission lines is their periodic nature [69]. The discontinuities created by adding the shunt
elements results in re�ections from each element as the signal propagates through the line.
As the frequency of the signal is increasing the phases of incident and re�ected waves
interfere destructively with each other, prohibiting the signal from forward propagation;
the insertion loss increases and the signal is re�ected back toward the source. The fre-
quency at which the signal is totally prevented from forward propagation is called the
Bragg frequency:

fBragg =
1

π∆l
√
L0(C0 + Cloaded)

(3.3)

In order to model the di�erential phase shift of a periodically loaded tranmission line
mathematical modeling can be utilized. Assuming that δL0 = L0∆l and δC0 = C0∆l, the
initial phase constant will be:

β0 = 2πf
√
L0C0 =

2πf

∆l

√
δL0δC0 (3.4)

By calculating the initial phase and the phase corresponding to applied voltage V , the
phase di�erence will be obtained as:

ϕ(0) = 2πf
√
δL0[δC0 + C(0)]

ϕ(V ) = 2πf
√
δL0[δC0 + C(V )]

∆ϕ = ϕ(V )− ϕ(0) = β0∆l[
√

1 + x−
√

1 + αx] (3.5)

where α = C(V )/C(0) and x = C(0)/δC0 (loading factor). Using equation (3.3), the
di�erential phase shift can be written as:
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∆ϕ = 2πf∆l
√
L0(
√
C0 + C(V )−

√
C0 + C(0)) =

2f

fB
[1−

√
1 + xα

1 + x
] (3.6)

∆l is the parameter which can be adjusted to change the Bragg frequency independent
of the transmission line parameters. In order to avoid the insertion loss due to the Bragg
frequency, the highest operating frequency of the phase shifter should be signi�cantly
smaller than fBragg. By increasing ∆l, the Bragg frequency will become closer to the
operating frequency. However, the number of sections needed to achieve the desired phase
shift will be reduced. Comparison between the experimental values and the analytical
model are shown in Figure 3.6
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Figure 3.6: a) The maximum phase shift vs loading factor calculated by the model in
comparison with the experiment b) frequency variation of ∆Φmax when x = 1.4 [64]
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Instances of Periodically Loaded Transmission Line phase shifters

An example of Periodically Loaded Transmission Line phase shifters is presented in [66]
where a CPW line (with characteristic impedance of 100Ω and 150nm tickness) is fabricated
on high resistive silicon (40KΩ− cm) wafer. The CPW was periodically loaded with BST
capacitors with zero bias capacitance of 96fF . Platinum was used at the top and bottom
electrodes for BST capacitors. The length of the unit cell (spacing between capacitors)
was chosen to be 340µm resulting in a much higher Bragg frequency. In order to get a
phase shift of 160◦ (at 30 GHz) 9 identical cells were connected in series, resulting in a
total length of 3.06mm. The CPW center conductor and Gap dimensions are 15µm and
150µm respectively. The loaded capacitors were implemented using two devices of 48fF
each (active area 3µm2), connected in parallel from the CPW signal line to either ground
conductor.

Signal
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Tunable BST Capacitors
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Figure 3.7: Layout of the fabricated phase shifter [66]

In the structure shown in Figure 3.7 the capacitance will decrease by a factor of 2.2
when a 20V bias voltage is applied. The quality factor of capacitance is estimated to be 10.
The insertion loss of the phase shifter shown in Figure 3.7 is increasing due to an increase in
the frequency and decreasing due to an increase in the bias voltage. This is because of low
quality factor of the BST and the fact that the BST layer consists of the whole structure.
Another issue that BSTs usually su�er from is not the high insertion loss, but the variation
of insertion loss for di�erent phase shift values. Further improvement in characterization
of BST technology leads to advent of phase shifters with better performance in terms of
insertion loss.

Similar structure to Figure 3.7 has been shown in [47] for center frequency of 28GHz,
silicon substrate with thickness of 500µm and BST �lm with zero bias dielectric constant
εr = 300 and thickness of 0.5µm. The authors have used the area of the structure more
e�ectively in order to increase the length of phase shifter to achieve maximum phase shift
of 170◦ by applying 20V bias voltage.
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The other example of this kind [68] uses a Ba0.6Sr0.4TiO3 thick �lm with an untuned
dielectric constant of 365 and tunability of τ = 38% (εlow = 225). The material loss has
been measured [70] to be tan(δ) = 0.06 at 10 GHz. The BST thick �lm with thickness of
3.7µm has been fabricated on a Al2O3 substrate with a height of 650µm and εr = 10.1.
The layout of the phase shifter is shown in Figure 3.8. The phase shifter was able to
produce a 127◦ phase shift with an insertion loss of less than 4.3dB and FoM = 30◦/dB
at 10 GHz with the bias voltage varying from 0-140V.

Ground

Signal

Capasitor

BST printed thick film

Ground

Figure 3.8: Layout of periodically loaded transmission line phase shifter consisting of 8
unit cells [68]

Utilization of BST based inter-digital capacitors(IDCs) with bias voltage varying 0−40V
is presented in [67, 64]. It is reported achieving a 360◦ phase shift at 30 GHz with 40V
and at 40 GHz with 17V bias voltage. It has been also shown in [67] that the phase shifter
in para-electric phase (Ba0.5Sr0.5TiO3) shows better characteristics in terms of loss and
maximum phase shift compared to the ferroelectric one(Ba0.8Sr0.2TiO3). In phase shifters
with IDC, in order to have an e�cient performance in terms of phase shift and insertion
loss, it is imperative to take into the account the following parameters [64]:

1. Number of IDCs per unit length

2. The relevant dimensions of the IDCs

3. The location of IDCs
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The loading factor is an important parameter in the design of this kind of phase shifters.
Generally, the higher the loading factor, the stronger the expected e�ect of insertion loss.
Commonly, the value of x < 1.5, consistent with [71], is used in the design of phase shifters.
The frequency dependence on the phase of S21 with two bias voltages (0 and 40 V) is shown
in Figure 3.9. As can be observed in Figure 3.9, the insertion loss is reducing by increasing
the the bias voltage to 40V. A rapid roll-o� in magnitude of S21 is observed which can
be explained by the fact that the working frequency is approaching the Bragg frequency
(fBragg) above 30GHz.
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Figure 3.9: The magnitude of S21 as a function of frequency [64]

There are two reasons for this behavior of insertion loss. First, the characteristic
impedance of the periodic loaded transmission line is not 50Ω and by applying the 40V
bias voltage it becomes closer to 50Ω. Second, the dielectric loss of BST is usually smaller
when 40 V is applied with respect to the case where no bias voltage is applied.

Simulation of a Periodically Loaded TL phase shifter

In this section, a periodically loaded transmission line phase shifter has been designed
and optimized using Ansoft HFSS. The permittivity of BST used in this phase shifter is
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considered to vary from 260 − 350 with a dielectric loss tangent of 0.3 − 0.4. The total
length of the designed phase shifter is less than 1mm and a phase shift of 90◦ is obtained.
The phase shifter is shown in Figure 3.10. The length of each period has been designed
in such a way as to keep the Bragg frequency much higher than the working frequency, 30
GHz.
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Ldil

Wp
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tBST

L
W

Silicon (εr=11.8)

BST

Figure 3.10: Simulated phases shifter in HFSS with dimensions

The designed parameters for the phase shifter shown in Figure 3.10 plus their corre-
sponding values are presented in Table 3.1. The structure consist of 8 stubs, which act
as load capacitors. The thickness of metal deposited on high resistive silicon is 1µm. By
applying the voltage the dielectric constant of the BST located on top of the substrate
changes, resulting in a change in the e�ective dielectric constant of the structure and the
propagation constant β.

Table 3.1: Design Parameters of the phase shifter shown in Figure 3.10

Parameters L W Wp W1 W2 W3 W4 Wgap Wgap2 h1 tBST
Value (mm) 0.84 0.8 0.025 0.04 0.035 0.07 0.015 0.03 0.0375 0.3 0.005

A part of the substrate's area is in touch with the BST, having a high permittivity.
Being in contact with high permittivity, the characteristic impedance of the line under
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the BST is decreased by an inverse square root function of the e�ective permittivity; it
was calculated to decrease to 23Ω. In order to compensate this e�ect two solution can
be applied. First, increasing Wgap to Wgap2 and second reducing the width of the signal
line from W1 to Wp. Using this technique in the vicinity of the high dielectric BST, the
mismatch in the input was e�ectively eliminated. The structure has been optimized for
acceptable insertion loss and return loss in addition to obtaining the maximum phase shift
at 30 GHz. The result of simulations for the scattering parameters and phase shift are
shown in Figure 3.11.
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Figure 3.11: a) Phase of the structure (degree) vs dielectric constant of BST material
b) S parameters of the simulated structure in the frequency range of 29 − 30.5 GHz for
εr,BST = 300

Although the S parameter results, reported in Figure 3.11, are for εr,BST = 300, the
fact that the return loss value in all phase shifting steps is lower than −10dB was of prime
concern in this design. The total length of the designed phase shifter shown in Figure
3.10 is 0.84mm and is capable of creating an 87◦ phase shift. By repeating the periods of
transmission line phase shifter and increasing the length to 3mm it is expected to achieve
more than 270◦ of di�erential phase shift.

3.3.2 Tunable left-handed (LH) Transmission Line

Introduction to left-handed (LH) Transmission Line phase shifters

Left handed transmission lines are the other class of BST based phase shifters. They
are very compact and therefore well suited for phased array antennas. Left-Handed (LH)
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transmission lines can be physically shorter than the conventional transmission lines while
having the same electrical length; this is because of their larger absolute value for the phase
constant. In other words, the propagation constant of a LH line has higher sensitivity to the
value of the capacitance than the RH lines [72].The equivalent circuit for LH lines consists of
a series capacitor and shunt inductor. In comparison with right-handed transmission lines,
the positions of the elements L0 and C0 in LH lines are swapped into series capacitance
and shunt inductance. This results in an inverse propagation constant for the transmission
line [73]:

γRH = jω
√
L0C0 γLH =

−j
ω

√
1

L0C0

(3.7)

The characteristic impedance for both types of transmission lines is written as:

ZRH = ZLH =

√
L0

C0

(3.8)

By using tunable capacitors, the propagation constant changes, and thus a di�erential
phase shift is achieved.

An example of LH Transmission Line phase shifters

A very compact LH transmission line phase shifter based on CPW structure for measure-
ment is presented in [74] achieving FoM = 52◦/dB. Using this phase shifter, a fully
integrated phased array was designed in [75].

It is worth mentioning that most reported phase shifter designs are unbalanced [68],
since they are based on a single-ended transmission lines such as microstrip or CPW lines.
In terms of design e�ciency, balanced phase shifters are desirable for RF front-ends and
phased arrays, because they can be connected to di�erential ampli�ers or di�erential anten-
nas, such as dipoles, without any need for baluns. Furthermore, the additional performance
limitation and bandwidth reduction caused by baluns is also avoided and the structure is
kept more compact. Two balanced (di�erential) left-handed coplanar strip (LH CPS) phase
shifters are presented in [68]. The phase shifter designs performed in [68] is depicted in
Figure 3.12. The two designs were capable of creating more than 360◦ phase shift at 10
GHz by applying 0− 160V bias voltage [68].
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Figure 3.12: The equivalent circuit for Left-handed transmission line, basic (unbalanced)
and balanced designs [68]

3.4 Filter-type BST based phase shifters

The utilization of liquid crystal based band-pass �lter as phase shifters was discussed
rigorously in section 2.4. The realization of BST based band-pass phase shifter are also
observed in [38, 39]. Due to the fact that BSTs usually have higher tunability compared to
liquid crystal materials, they can be utilized in wide-band �lters to perform phase shifting.
All-Pass �lters (networks) theoretically provide an in�nite bandwidth. Although all-pass
�lters practically provide a �nite bandwidth, the available bandwidth is still large enough
to eliminate any concern about containing the system bandwidth inside the pass band of
the �lter. In the structures described earlier in section 3.3, the Bragg frequency is the
source of problems, leading to a large increase in insertion loss and limiting the achievable
phase shift of each unit cell. All-pass networks usually counteract this increase in loss due
to their bridging element, if designed properly leading to a �at response over all frequencies
[76].
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The transfer function of an all-pass network is de�ned as

S21(p) =
D(−p)
D(p)

(3.9)

where p = σ + jω is the complex variable and D(p) is a Hurwitz polynomial3. Clearly,
|S21|2 = 1. The roots of D(p) which are the poles of the �lter are denoted as pk = σk+jωk,
where σk < 0. All-pass �lters are usually divided into two classes. If all poles and zeros
of an all-pass network are located along the real axis, such a network is referred to as a
C-type all-pass network. On the other hand, if the poles and zeros are all complex with
symmetry about the origin of the complex plane, the �lter is referred to as a D-type all-pass
network [77]. C-type and D-type All-Pass networks can be also named as 1st order and/or
2nd order All-Pass networks respectively. The transfer function for the 1st and 2nd order
all-pass network can be written as:

1st order allpass network H(s) =
s− σa
s+ σa

(3.10)

2nd order allpass network H(s) =
s2 + 2σbs+ s2b
s2 − 2σbs+ s2b

, s2b = σ2
b + ω2

b

All-pass networks can be utilized as phase shifters [78, 79] in di�erent topologies like the
bridged-Tee [80, 81] lattice �lter or they can even be realized using active components [82].

Since all-pass �lters have �at amplitude response for all frequencies, the linearity of
the phase response is used as a criterion for the phase shifter bandwidth to be applied
in the proposed iterative method presented in Figure 2.14. In other words, the iterative
method presented in section 2.4.2 can be extended to this class of networks by de�ning a
bandwidth in phase-frequency response domain. As a linearity criterion, the variation of
the phase response slope is considered to be as small as possible.

The zeros and poles are located symmetrically with respect to the imaginary axis.
Hence, it is expected that with the same variation and the same pole locations as in
Chebyshev �lter, the phase shift obtained from the 2nd order all-pass network will be
double.

The linearity of the phase response is dependent on the position of the poles and zeros
of the �lter (−σb± jωb, σb± jωb ) in the complex plane. σb, should be optimized based on
the required phase-frequency response linearity and the maximum required phase shift. It

3Hurwitz polynomial is a polynomial whose coe�cients are positive real numbers and whose roots are

located in the left half-plane of the complex plane
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should be noted that the linear phase response bandwidth can be increased by reducing ωb
and increasing σb. For the phased array system under consideration, the designed values
are σb = 24 and sb = 26. To perform phase shifting, BST parameters are used to change
the center designed frequency of the all-pass �lter which leads to a shifting of the phase-
frequency response. As indicated also in section 2.4.2, the extreme cases where maximum
shifting occurs are limited by the obtained linearity bandwidth and the maximum tunability
of the BST material. Figure 3.13 shows the phase response of the 2nd order all-pass network
with the chosen parameters for two extremes and the middle phase shift states.
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Figure 3.13: Phase response of the designed 2nd order all-pass �lter

52



As can be observed in Figure 3.13, more than 360◦ phase shift is obtained from the de-
signed 2nd order all-pass network. Although the phase shift values in the two edge frequency
of the system band-width (29.5 and 30 GHz) are the same as the center frequency (29.75
GHz), a small non-linearity in phase frequency response exists in this kind of phase shifter.
The e�ect of this small phase-frequency non-linearity on the phased array performance will
be discussed in Appendix A.
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Chapter 4

High Dielectric Material Phase Shifters

4.1 Introduction

In this chapter, a study on high dielectric ceramic (HDC) phase shifters will be performed.
An introduction to this kind of phase shifters including a literature review will be illustrated
afterward. Pros and cons of this type of phase shifters with respect to others will be
discussed. Two other proposed phase shifters using high dielectric will be introduced and
simulation results for obtaining the propagation constant of these structures along with
the maximum phase shift values will be presented.

Being miniaturized and having low and stable insertion loss are considered to be the
important characteristics of phase shifters for large Ka-Band phase array antenna systems.
There has been a large amount of research into high dielectric constant, low loss ceramics
suitable for microwave and mm-wave applications [83, 23]. Development of technology in
this class of materials has paved the way for the realization of Ka-band phase shifters with
the mentioned constraints. BST is one of the tunable ceramics which was discussed in
detail in chapter 3.

4.2 Short literature review of HDC phase shifters

Utilization of high dielectric constant ceramics in phase shifters has been observed in the
literature [84, 85]. BaLn2Ti4O12 (BLT), where Ln = La,Nd or Sm, is one of the ceramics
having high dielectric constant with small loss tangent [86]. In [84], a 200◦ phase shift
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has been reported using BLT ceramics with εr = 85 and 10mm length at 10 GHz. A
rectangular metallic waveguide which has been partially �lled with the dielectric was used
for phase shifting. The height of the air gap varies from 0 − 30µm using a piezoelectric
actuator by applying voltage from 150V down to −30V. The side view of the phase shifter
is shown in Figure 4.1.

PiezoElectric
   Actuator

BLT Ceramic

Metalic Waveguide

x

y

z

Figure 4.1: Side view of the waveguide used as phase shifter, loaded with an air-dielectric
sandwich structure [84]
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Figure 4.2: a) E�ective dielectric constant and b) the relative phase shift versus air gap
for the air-dielectric sandwich structure for BLT εr = 85 [84]

The phase shift as a function of voltage and the e�ective dielectric constant of the
structure is shown in Figure 4.2. For the structure shown in Figure 4.1, instead of the pure
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TEz or TM z mode, the hybrid mode of LSMy1 is the dominant mode [87]. Therefore,
using modal analysis the equation for �nding the propagation constant of the structure
will be

βy,air
ε0

tan(βy,air∆) +
βy,dil
εdilε0

tan(βy,dil(b−∆)) = 0 (4.1)

βy,air =
√
ω2ε0µ0 − γ2 − β2

x, βy,dil =
√
ω2εdε0µ0 − γ2 − β2

x

where ∆ ,b are the heights of air-gap and the waveguide respectively. γ is the propagation
constant in z-direction.

4.3 Proposed HDC phase shifters

In this section two phase shifter structures using the high-dielectric materials with the idea
similar to what has been shown in Figure 4.1 will be presented.

4.3.1 Air, High Dielectric, Air-Gap, Metal phase shifter

The �rst proposed phase shifter is similar to what is shown in Figure 4.1, but without
bounding it in the x-direction. Therefore, the variation in x-direction is neglected. Fur-
thermore, the top metal does not exist. The structure is shown in Figure 4.3

hHigh Dielectric

dAir Gap

Air

PEC

n1=1

n2

n3=1
x

y

Figure 4.3: Proposed air, dielectric, air-gap, metal phase shifter
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The modal analysis needs to be done in order to derive the equations for �nding the
propagation constant β and all the components of electromagnetic �elds inside the struc-
ture. It is assumed that the �elds are exponentially decaying in region 1 and 3 (αi is the
decaying constant) and sinusoidal in region 2 (ky2 is the sinusoidal constant). For TM
modes, the �eld components are Ez, Ey, Hx. According to the Helmholtz equation:{

I) α2
1 − β2 + k20n

2
1 = 0

II) −k2y2 − β2 + k20n
2
2 = 0

}
→ k2y2 + α2

1 = k20(n2
2 − n2

1) = v2 (4.2)

The boundary conditions for dielectric-air interfaces are the continuity of Ez and Hx. Ez
should be zero at y = 0 as well. Therefore, Hx can be written as:

Hx =


H0

cosh(α1y)
cosh(α1d)

e−jβz 0 < y < d

H0
sin(ky2y)+B cos(ky2y)

sin(ky2d)+B cos(ky2d)
e−jβz d < y < d+ h

H0
sin(ky2(d+h))+B cos(ky2(d+h))

sin(ky2d)+B cos(ky2d)
e−α1(x−(d+h))e−jβz y > d+ h

 (4.3)

According to the Maxwell Equation:

∇×H = jωεE → −∂Hx

∂y
= jωεEz (4.4)

and Ez can be written as:

Ez =
−1

jωε0


H0

α1

n2
1

sinh(α1y)
cosh(α1d)

e−jβz 0 < y < d

H0
ky2
n2
2

cos(ky2y)−B sin(ky2y)

sin(ky2d)+B cos(ky2d)
e−jβz d < y < d+ h

H0
−α1

n2
1

sin(ky2(d+h))+B cos(ky2(d+h))

sin(ky2d)+B cos(ky2d)
e−α1(x−(d+h))e−jβz y > d+ h

 (4.5)

Applying the continuity of Ez on interfaces y = d, d+ h in Figure 4.3:

α1

n2
1

tanh(α1d) =
ky2
n2
2

cos(ky2d)−B sin(ky2d)

sin(ky2d) +B cos(ky2d)
(4.6)

−α1

n2
1

(sin(ky2(d+ h)) +B cos(ky2(d+ h))) =
ky2
n2
2

(cos(ky2(d+ h))−B sin(ky2(d+ h)))

The equation (4.6) can be simpli�ed into equation (4.7) by de�ning B = tan(γ) γ =
(−π

2
, π
2
):

α1

n2
1

tanh(α1d) =
ky2
n2
2

cot(γ + ky2d) (4.7)

−α1

n2
1

=
ky2
n2
2

cot(γ + ky2(d+ h))
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Using what was derived in equation (4.2) and the equality

cot(a− b) =
cot(a)− cot(b) + 1

cot(b)− cot(a)

the characteristic equation for �nding α1 is obtained as:√
v2 − α2

1 cot(
√
v2 − α2

1h)n2
2α1n

2
1(1 + tanh(α1d)) + α2

1(n
4
1 + n4

2 tanh(α1d))− v2n4
1 = 0

(4.8)

By solving the non-linear equation (4.8) (�nding the zeros) and obtaining the values for
α1, the propagation constant β can be found from equation (4.2). After that, one can
investigate the e�ect of the variation in d on the propagation constant β and the created
phase shift.

Similar steps can be applied for the TEz case, by starting from Ex, �nding Hz and
satisfying the boundary conditions to reach the characteristics equation for �nding β:

(1 + coth(α1d))α1(
√
v2 − α2

1 cot(
√
v2 − α2

1h) + α1)− v2 = 0 (4.9)

Solving the characteristic equations (4.8) for εr = 100, h = 300µm and d varying from
0−50µm at 30 GHz, real values for β for the TM mode are obtained. The proposed phase
shifter has been also simulated in COMSOL Multi-Physics to verify the the obtained results
for the propagation constant and the maximum phase shift. The �eld distribution of the
simulated structure in COMSOL is shown in Figure 4.4

58



10
4

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Figure 4.4: Norm of electric �eld for the simulated phase shifter structure in COMSOL
software with 5µm air-gap

The result of COMSOL simulation with multi-step for air-gap size and analytical modal
analysis is shown in Figure 4.5
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Figure 4.5: Modal analysis and simulation result of the propagation constant variation
versus the air-gap size
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As can be observed, the simulation results matches reasonably well with the modal
analysis. In order to obtain the phase shift, the results need to be converted to phase by
multiplying by the the length of the phase shifter (3mm here) ∆φ = ∆β.`.
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Figure 4.6: Phase shift versus the air-gap size for the proposed phase shifter shown in
Figure 4.3

It is observed in Figure 4.6 that more than 400◦ phase shift can be created when the gap
size varies from 0− 50µm. However, from a practical point of view, the smallest possible
air-gap size is larger than 0.5µm limiting the maximum total phase shift to almost 375◦.

In the TEz mode, the variation of the propagation constant by changing the air-gap
and subsequently the total phase shift is much smaller than that of the TM z mode. This
is because, in TM z modes, the �eld is highly con�ned to the air-gap as shown in Figure
4.4, which is not true in TEz case. Therefore, it is important to excite the TM z mode to
get the maximum phase shift. Another issue about the TE mode is that the variation of
the propagation constant highly depends on the frequency and it may di�er in a certain
bandwidth, leading to phase-frequency error.

4.3.2 High Dielectric loaded CPW line phase shifter

The second proposed phase shifter is a CPW line on a high resistive silicon substrate
loaded by a High dielectric constant ceramic. The air-gap between the CPW line and the
high dielectric is varied to create the phase shift. This variation can be performed using
PiezoElectric or MEMS. The proposed phase shifter is shown in Figure 4.7
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Figure 4.7: The proposed high dielectric loaded CPW line phase shifter

The dimensions in Figure 4.7 are listed in Table 4.1

Table 4.1: The parameters for the phase shifter shown in Figure 4.7

Parameters S W h4 h2 h3 εr,sub εr,dil
Value (mm) 0.05 0.035 0.3 0.5 0− 50µm 11.8 100

By changing the air-gap between the CPW line and the high dielectric, the εr,eff of
the structure will vary, resulting in the change in the propagation constant β and creating
the phase shift. Analyzing the e�ect of variation in the gap is not as simple as that of
the proposed structure in Figure 4.3, since the propagation mode in CPW line structure is
generally the hybrid of TE and TM modes.

Two general analytical methods are used for analyzing the propagation constant and its
variation for a multi-layer CPW line structure as illustrated in Figure 4.7: Spectral domain
modal analysis and/or the conformal mapping technique. Here, these two methods will be
utilized to determine the phase shift for the structure shown in Figure 4.7.
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Spectral Domain Modal Analysis

In spectral domain modal analysis, the �elds are transformed in the spectral domain of x
(α) to an in�nite sum of the plane waves propagating in the x direction as in

φ(α) =

∫ +∞

−∞
φ(x)eiαxdx (4.10)

In this analysis it is assumed that the thickness of metal is negligible with respect to
other layers' thicknesses. Decomposition of the �elds into TEy and TMy expressions by
assuming that ψ̃h and ψ̃e are the spectral domain scalar potentials for TEy and TMy

modes, respectively, results in the following expression for the �elds [88].

Ẽx = −α
ωε

∂ψ̃e

∂y
− jβψ̃h H̃x = jβψ̃e − α

ωµ
∂ψ̃h

∂y

Ẽy = 1
jωε

(
∂2

∂y2
+ k2

)
ψ̃e H̃y = 1

jωµ

(
∂2

∂y2
+ k2

)
ψ̃h

Ẽz = −β
ωε

∂ψ̃e

∂y
− jαψ̃h H̃z = −jαψ̃e − β

ωµ
∂ψ̃h

∂y

(4.11)

where k=ω2µε and ε and µ are the permittivity and permeability in each medium. The
scalar potentials satisfy in the spectral domain Helmholtz equation:(

k2 − α2 − β2 +
∂2

∂y2

)
ψ̃ = 0 (4.12)

By writing the general solution for the Helmholtz equation in regions I-V, the following
equations will be obtained:

I)
ψ̃eI = A1ee

γ1y

ψ̃hI = A1he
γ1y

(4.13)

II)
ψ̃eII = A2e sinh(γ2y) +B2e cosh(γ2y)

ψ̃hII = A2h sinh(γ2y) +B2h cosh(γ2y)
(4.14)

III)
ψ̃eIII = A3e sinh(γ3y) +B3e cosh(γ3y)

ψ̃hIII = A3h sinh(γ3y) +B3h cosh(γ3y)
(4.15)

IV )
ψ̃eIV = A4e sinh(γ4y) +B4e cosh(γ4y)

ψ̃hIV = A4h sinh(γ4y) +B4h cosh(γ4y)
(4.16)

V )
ψ̃eV = A5ee

−γ5(y−h2−h3−h4)

ψ̃hV = A5he
−γ5(y−h2−h3−h4) (4.17)
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where γ2i = α2+β2−k2i . In order to �nd the 16 unknown coe�cients in equation (4.13), the
boundary conditions, which are the continuity of tangential electric and magnetic �elds,
should be satis�ed. For the interfaces (I − II), (III − IV ) and (IV −V ) in Figure 4.7 the
boundary conditions are:

Ẽx,i = Ẽx,i+1 H̃x,i = H̃x,i+1 (4.18)

Ẽz,i = Ẽz,i+1 H̃z,i = H̃z,i+1

For the interface (II − III), the boundary conditions can be written as:

Ẽx,2 = Ẽx,3 H̃x,3 − H̃x,2 = J̃z (4.19)

Ẽz,2 = Ẽz,3 H̃z,3 − H̃z,2 = J̃x

where J̃x and J̃z are the surface current on the CPW line. By possessing 18 unknowns and
16 equations from (4.18), (4.19) for the boundary conditions, the unknowns can be derived
in terms of J̃x and J̃z . Using equation (4.11), Ẽx , Ẽz are written as:[

Ẽz
Ẽx

]
=

[
Zzz Zzx
Zxz Zxx

] [
J̃z
J̃x

]
(4.20)

or [
Yzz Yzx
Yxz Yxx

] [
Ẽz
Ẽx

]
=

[
J̃z
J̃x

]
(4.21)

where elements of the Y matrix are functions of α, β, the heights and dielectric values of
the layers. The Galerkin's method is applied to �nd the propagation constant [89]. The
�rst step is to expand Ẽx and Ẽz in terms of the known basis functions which approximate
the �eld distribution in the slots and satisfy the edge conditions for the CPW line in the
x-domain.

Ẽx(α) =
Nx∑
m=1

cmẽxm(α) (4.22)

Ẽz(α) =
Nz∑
m=1

dmẽzm(α)

Taking the inner product from both sides of the equation, (4.21) leads to:∫
α

[
ẽzkYzz

∑Nz

m=1 ẽzm ẽzkYzx
∑Nz

m=1 ẽxm
ẽxkYxz

∑Nz

m=1 ẽzm ẽxkYxx
∑Nz

m=1 ẽxm

] [
dm
cm

]
=

∫
α

[
ẽzkJ̃z
ẽxkJ̃x

]
= 0 (4.23)
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The right hand side of (4.23) is zero due to the Perceval's theorem:∫ +∞

−∞
ẽxkJ̃xdα = 2π

∫ +∞

−∞
exkJxdx = 0 (4.24)

because on the strips the tangential �eld exk or ezk are zero and on the slots tangential
current is zero. In order to have a non-trivial solution for the system of equations, the
determinant of the matrix on the left-hand side of equation (4.23) should be zero, and
therefore β can be found.

For integration in the α domain there may be some poles (singularities) in the deter-
minant expression that should be handled. The integration is extended to the complex
domain to avoid meeting these poles as shown in Figure 4.8

Complex α Plane

αp

-αp

Integration Path

Figure 4.8: Integration path in the complex α plane

Conformal Mapping Technique

The other method which can be used to calculate the propagation constant in multilayer
CPW line structures is the conformal mapping technique. In this method, the dominant
mode of the structure is assumed to be Quasi-TEM and β is obtained by �nding the
e�ective dielectric constant for the structure. In order to �nd εeff , the total capacitance
of CPW line is found.

β = k0
√
εeff , εeff =

Ccpw
Cair

(4.25)

In order to obtain Ccpw , the capacitance of di�erent layers should be taken into consid-
eration. Finally the total capacitance will be the sum of the all layer's capacitance since
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they are parallel to each other. In the case of the structure shown in Figure 4.7:

Ccpw = C01 + C2 + C03 + C4 + C05 (4.26)

Cair = C01 + C03 + C05 (4.27)

where C0i is the capacitance of the air regions. Calculation of C0is and C2, C4 requires
speci�c transformations to convert them into parallel plate capacitance in another domain
[90]. These transformations initially map each separated domain in the x − y plane into
the upper half space in t− r plane (using R Transform) and subsequently map the upper
half space in t − r plane to a rectangular parallel plate capacitor in u − v plane (using
Christo�el-Schwartz transform, w)

R← cosh2(
πzj
2hj

), zj = xj + jyj (4.28)

w ← F (ϕ, k) =

∫ ϕ

0

dθ√
1− k2 sin2(θ)

(4.29)

where hj is the height of each layer. Through these transformations the CPW line capac-
itance will be converted into multiple rectangular parallel plate capacitors. The equation
for calculating the capacitance in each region is:

Cj = ε0εr
Sj
Gj

(4.30)

where Sj, Gj are the length and the gap between two plates transformed in the u−v plane
separately for each domain. The mapping performed for region II is shown in Figure 4.9
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Figure 4.9: The mapping which has been performed for region II
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Investigation of phase shift

Using the two techniques described in parts 4.3.2 and 4.3.2, the e�ect of the variations of
h3 on the propagation constant and subsequently the phase shift of the multilayer structure
shown in Figure 4.7 will be discussed here. For the case of the phase shifter under consid-
eration, the design parameters are shown in Table 4.1. h1 , h5 are assumed to be in�nity
and h3 varies from 0− 100µm. The thickness of metals is ignored in this investigation.
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Figure 4.10: Propagation Constant versus h3 calculated using the two methods at 30 GHz

Figure 4.10 shows the variation of the phase constant for the structure shown in Figure
4.7 using the dimensions listed in Table 4.1. As can be observed in Figure 4.10, the results
obtained from the two analytical methods agree very well with each other. The �nal result
has been also compared with HFSS simulation for the structure using the parametric sweep
of h3. It is observed that when the gap is not so large, there is a good agreement between
the results obtained from the analytical methods and those acquired from a FEM solver
like HFSS. For large values of h3 there is a di�erence between the numerical and analytical
results, which may have been originated from the numerical error. It is worth mentioning
that the average computational time using the conformal mapping technique is 6 seconds
while the HFSS full wave simulation average time for the same structure is 35 minutes on
the same machine (Intel Core i5 and 8GB).
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In practice, the air-gap between the high-dielectric and CPW line cannot be smaller
than 1 − 3µm in the attached case. The maximum phase shift (phase di�erence between
the attached case and no-loading condition) as εr4 is varying from 50 to 200 is plotted in
Figure 4.11
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Figure 4.11: Maximum phase shift versus the dielectric constant at 30GHz, for the phase
shifter shown in Figure 4.7

The device shown in Figure 4.7 has been fabricated and tested in [91]. Table 4.2 shows
the results of measurements done in [91]

Table 4.2: Summary of Measurments at 30 GHz in [91]

Sample εr Ldil Maximum Phase Shift Insertion Loss
1 100 3.3mm 100◦ 0.7 dB
2 150 3mm 170◦ 1.1 dB

It is observed that the analytical modeling perfectly matches with the experimental
results. One of the important advantage of this class of phase shifters with respect to
others, as can been observed in Table 4.2, is the low and stable insertion loss throughout
the frequency range. Although the calibration process is still an issue in the passive phase
shifters, this kind of phase shifters can be considered as a candidate for passive phase
shifters.
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Chapter 5

Concluding Remarks

5.1 Summary

In this thesis, a comprehensive study on various types of miniaturized ka-band phase
shifters in order to be utilized in a large commercial phased array antenna system has been
presented. The advancement of tunable materials whose characteristics can be tuned by
the applied voltage leads to the creation of a new class of microwave and mm-wave phase
shifters.

The application of �Liquid Crystal�, the tunable material which has found its usage in
the industry for many years, has been investigated in chapter 2. It has been observed that,
although these materials have low insertion loss in this range of frequency to be used in
Ka-band phase shifter, they su�er from low tunability and low dielectric constant, which
makes the transmission line phase shifters much larger than the wavelength. To overcome
this issue, higher order Liquid crystal Filter-Type phase shifters have been proposed along
with an analytical formulation to design them.

Ka-band phase shifters based on BST material, the other tunable material possessing
larger dielectric constant and higher tunability compared to liquid crystals, have been
studied in chapter 3. What BST �lms usually su�er from is the relatively high loss tangent
which leads to a considerable amount of insertion loss. Conventional BST �lms also need
high bias voltage to create su�cient tunability. Nevertheless, new fabrication techniques
to process new compositions of BSTs combined with the utilization of thin BST layers
have greatly reduced their insertion loss and the required bias voltage. All-pass BST based
networks have been introduced and formulated in the �nal section of chapter 3 as compact
lumped element phase shifters.
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It has been investigated that the tangent loss of the mentioned tunable materials (LC
and BST) depends heavily on the applied voltage. In order to have a low, and at the same
time stable insertion loss, ka-band phase shifters based on high dielectric materials have
been proposed in chapter 4. In this class of phase shifters, it has been tried to con�ne
the electric �elds in an air-gap between the high dielectric ceramic and the metal in the
transmission line which results in smaller insertion loss. The analytic formulation for high
dielectric constant phase shifters compared with simulation and measurement results have
also been demonstrated in chapter 4.

5.2 Future Works

What was exhibited in this thesis was just a small portion among the various aspects of
research in Ka-band phase shifters for satellite communications. In section 2.4.2 of chapter
2, the design methodology for the realization of a higher order �lter-type phase shifter
has been presented. Physical design of a compact high- order �lter type phase shifter
can be performed as a further step. The proof of concept for the phase shifter (simpli�ed
version shown in Figure 4.3) has been proposed in chapter 4. The actual physical realization
(design, fabrication and measurement) of this phase shifter is another possible area of future
research. Other con�gurations using high-dielectric low loss ceramics can investigated as
phase shifters.
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Appendix A

The e�ect of �lter-type phase shifters
on phased array performance

The e�ects of �lter-type phase shifters on phased array system performance will be dis-
cussed in this appendix. For a realistic evaluation of the e�ects of phase shifter's non-linear
frequency response on the phased-array antenna systems, a particular Ka-band array sys-
tem with optimal excitations, designed by the Taylor synthesis/optimization method [92],
is chosen. The synthesized current excitations of the planar array are illustrated in Figure
A.1a for 80× 80 antenna elements with spacing of almost 0.5λ at 29.75 GHz [92]. In order
to obtain practical excitation coe�cients, the calculated coe�cients have been quantized
in 0.5 dB steps and the antenna elements with excitation coe�cients values less than −10
dB have been removed as shown in Figure A.1b. Figure A.1b illustrates the corresponding
gain pattern of the Tx planar array with a panel size of 40 cm ×40 cm in φ = 0◦ and
φ = 90◦ planes [92].

Figure A.2 shows the gain patterns of the designed array, when the beam direction is
electronically steered and positioned at 30◦. As can be observed, the gain radiation patterns
meet the standard side-lobe envelope. However, as expected, the peak gain decreases by 2
dB due to the element factor degradation and e�ective aperture area reduction at various
beam positions. The resultant gain degradation causes the main beam broadening of 0.4◦

for 30◦ beam scanning angle.
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Figure A.1: a) Quantized current coe�cients of antenna elements, b) gain radiation pattern
of Tx planar array [92]

For the beam steering angle of 30◦ shown in Figure A.2, analog phase shifters have been
used. Consequently, it is possible to adjust the required phase shifting for each antenna
element. The insertion loss variations of phase shifters can signi�cantly a�ect the antenna
gain and radiation pattern. However, it has been compensated for by using variable gain
ampli�ers (VGA) integrated with each phase shifter. As mentioned, the amplitude and

-80 -60 -40 -20 0 20 40 60 80
-50

-40

-30

-20

-10

0

10

20

30

40

50 X: 30

Y: 38.05

 (degree)

C
ir
c
u
la

r 
G

a
in

 R
a
d
ia

tio
n
 P

a
tt
e
rn

 (
d
B

)

X: 31.88

Y: 22.17

Figure A.2: Gain radiation patterns of the Tx phased array for beam position 30◦

phase required for each antenna element have been adjusted to obtain the radiation pattern
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satisfying the FCC mask [93]. However, the amplitude and phase adjustments are often
performed only for the center frequency, without accurate examination of the phase-shift
variation over the entire range of frequencies.

In Figure A.3, the phase shifter models outlined in �gures 2.15 to 2.17 and Figure
3.13, plus the elliptical �lter have been extended and detailed. Each curve corresponds to
a particular voltage applied to the phase shifter structure. The relative phase shifts are
plotted with respect to the phase response of the middle state:
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Figure A.3: The phase shifts of the three types of phase shifters versus frequency, a)
Chebyshev, order= 5,R.L = 10 dB, BW = 2GHz, and Qu = 200, b) Elliptical, order=
6,R.L = 10 dB, BW = 2GHz, and Qu = 200, and c) 2nd order All-Pass �lter σb = 24
,sb = 26
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For a particular beam direction, the phase shift required for each antenna element is
calculated and the corresponding voltage commands can be applied to each phase shifters
to realize the phase shift at the center frequency. This will result in the same radiation
patterns illustrated in Figure A.2 at 29.75 GHz. However, in reality the applied voltages
provide the calculated (desired) phase shifts only at 29.75 GHz, and the phase shift at
other frequencies is deviated from those of the ideal case at the center frequency.

As can be observed in Figure A.3, the maximum phase shift error occurs at the lowest
and highest frequencies (29.5GHz and 30GHz). The gain radiation patterns at 29.5GHz,
29.75GHz, and 30GHz are obtained and presented in Figure A.4 , using the modeling
presented and shown in Figure A.3.
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Figure A.4: Gain radiation pattern at f = 29.5, 29.75, and 30GHz for a) Chebyshev b)
Elliptical C) All-Pass phase shifter when the scanning angle is 30◦

Figure A.4 shows that the phase-frequency response non-linearity can signi�cantly a�ect
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the side lobes and cause critical violation of the radiation mask. Hence, once the applied
voltages are adjusted for the center frequency, the relative phase shift errors at other
frequencies have led to mask violation.

Comparing the radiation patterns due to di�erent types of phase shifters, one can
conclude that the mask violation is less critical in the case of 2nd order All-Pass phase
shifters. This is due to the fact that All-Pass phase shifters can provide a linear phase-
frequency response over a wider range of frequencies than band-pass networks.

A.1 Distortion due to the phase-frequency non-linearity

of �lter-type phase shifters

In addition to the mask violation, the phase-frequency non-linearity will result in the beam
positioning errors. In Figure A.5, the angular region close to the main beam maximum
of Figure A.4b has been expanded. As shown, the main beam deviates from 30◦. This
deviation angle is also frequency-dependent. Figure A.6 depicts the phased array gain
versus frequency for various phase shifter types and di�erent desired scanning angles.
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Figure A.5: Beam positioning error at f= 29.5, 29.75, and 30 GHz for the case of Elliptical
phase shifter when the scanning angle is 30◦
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Figure A.6: Maximum Gain versus frequency for beam scanning angles of 10◦, 20◦, and
30◦ when using a) Chebyshev, b) Elliptical, and c) All-Pass phase shifters

As expected, the gain variations over the frequency band increases for larger scanning
angles. Table A.1 presents the maximum gain variations for various �lter types and di�erent
beam scanning angles.

Table A.1: Maximum gain variation over the frequency for Chebyshev, Elliptical, and
All-Pass phase shifters for various beam scanning angles

Scanning Angle Chebyshev Elliptical All-Pass
10◦ 0.18 dB 0.17dB 0.14 dB
20◦ 0.27 dB 0.26dB 0.20 dB
30◦ 0.51 dB 0.43dB 0.34 dB
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